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ABSTRACT 
The mass of five proteins (Bovine serum albumin (BSA), casein, lysozyme, 
ovalbumin and pepsin) adsorbed to five different membrane materials (of various 
hydrophobicities) was quantified using a static system and analysed to establish any 
trends. Comparing the results from the five membranes it seems that there were no 
obvious trends between the protein masses adsorbed indicating that it may not be just 
one aspect of protein structure that is important in the adsorption process. 
Many investigations have indicated that the protein may undergo a conformational 
change during the adsorption process. Disulphide bridges contribute readily to the 
stability of the protein molecule and it was hypothesised that if such a structural 
change occurred, it would result in the breakage of these covalent bonds. To this end, 
the free thiol group content of the proteins was quantified before and after adsorption. 
It was found using two different methods that the thiol group content of the proteins 
did not alter sufficiently after adsorption to indicate the breakage of the disulphide 
bridge, or if breakage did occur, the bonds reformed immediately. 
It is well understood that the membrane hydrophobicity plays a major role in 
detennining the amount of protein adsorbed to its surface. It was attempted to relate 
the protein hydrophobicity (quantified using four different approaches) with the 
amount of protein adsorbed to the different membrane surfaces. All four approaches 
for detennining the hydrophobicity of the proteins gave very different results, with 
two new approaches, based on theoretical models, giving the most realistic values of 
protein surface hydrophobicity. None of the results for protein surface hydrophobicity 
could be related to the extent of adsorption onto ultrafiltration membranes. 
Finally the protein was studied using a Fourier Transform Infrared technique, whereby 
the spectra of the solid protein were compared to that of a freeze dried adsorbed 
protein, any differences in protein absorbance band positions established and attempts 
made to relate them to conformational changes occurring during the adsorption 
process. This technique has proved promising for the study of protein adsorption onto 
ultrafiltration membranes and holds much potential for future studies. 
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Chapter 1. Introduction 
CHAPTER 1 
INTRODUCTION TO MEMRANE PROCESSES 
1.1 An Overview 
Ultrafiltration (UF) is a popular choice of separation process used for a variety of 
purifications, fractionations and concentrations in downstream processing in the food 
and bio-processing industries. UF membranes effectively separate macromolecular 
feed components on the basis of molecular size and shape. It is used in preference to 
alternative separation techniques due to lower operating costs and the fact that the 
biological activity of sensitive macromolecules is retained. The problem associated 
with UF processes is that proteins bind or are adsorbed onto the membrane, which is 
often accompanied by an increased retention of the solutes and hence loss of product 
if the product of interest is the absorbing species. Ultimately the membrane will 
become blocked resulting in reduced flux rates and hence loss of production and 
downtime to allow membrane cleaning or replacement. The development of lower 
fouling membrane materials has to date been somewhat empirical. Considerable 
improvements in the economics and efficiency of the ultrafiltration process could 
therefore be the result of a greater understanding into the biochemical nature of 
ultrafiltration membrane adsorption by protein molecules. 
It has been shown that the adsorption of macromolecules onto the UF membrane 
surface is one of the most important factors involved in the fouling process affecting 
both the trans-membrane flux and the separation characteristics (Howell & Velicangil, 
1982; Matthiasson, 1983). It is well understood that the heterogeneity of proteins and 
their large size render them highly surface active and so have a strong tendency to be 
adsorbed at almost any surface. The adsorption of proteins at solid interfaces is a very 
complicated phenomenon and is dependent on the micro-environment of the protein as 
well as the surface characteristics of the interface. Hence the adsorption of protein at 
solid-liquid interfaces has been the subject of numerous studies, indicating the 
importance and complexity of this topic. 
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A large body of work has been carried out in the study of the adsorption of proteins 
onto a variety of surfaces using a selection of analytical techniques (summarised in 
section 3.1.5) particularly in medical applications where interactions between blood 
components and artificial surfaces occur. 
In the study of membrane-protein interactions, numerous models have been postulated 
for the prediction of fouling of proteins to ultrafiltration membranes based on 
experimental observations (reviewed in section 1.2.5.5). Many experiments have been 
carried out to investigate the influence of the composition of the solution such as the 
pH or ionic strength but few have studied the nature of the interaction between the 
protein and membrane surface. It has also been suggested that each protein surface 
configuration will show differing behaviour and thus any new data generated from 
protein-membrane adsorption studies will advance this area of research. 
This investigation will attempt to study the adsorption of proteins to ultrafiltration 
membranes in detail using a variety of analytical techniques. Particular effort will be 
made to determine a relationship between aspects of protein structure, in particular the 
surface hydrophobicity of the protein, to the amount of protein adsorbed onto different 
membrane materials and to confonnational changes occurring within the protein 
molecule on adsorption to the membrane surface. 
1.2 Membrane Processes 
Definitions: A membrane process requires two bulk phases physically separated by a 
third phase, the membrane. The membrane is an interface between the two bulk 
phases across which one or more components pass (Ho and Sirkar, 1992). Lonsdale 
(1989) also gave a variety of definitions of a membrane. The membranes used in this 
series of investigations were flexible films of synthetic polymers prepared to have a 
high permeability for certain types of molecules. The mechanism by which the 
selective movement of molecules occurs in membrane processes is used to separate, 
concentrate and purify process solutions. A membrane can be homogenous or 
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heterogeneous, symmetric or asymmetric in structure; it may be solid or liquid; it may 
be neutral, charged or even bipolar. 
The use of membranes commercially for separation and purification is a relatively 
recent innovation developed in the 1960s. The membrane allows separation of the 
contents of a solution by allowing them to pass through into the permeate whilst 
retaining other constituents. Membrane processes have many advantages over 
traditional concentrating and purifying processes in that: -
1. The membrane can be highly selective. 
2. Moderate temperatures are used hence denaturation of biological materials is 
prevented. 
3. Equipment is easily scaled up. 
4. The process can be operated in batch or continuous modes. 
5. Energy requirements are low as no phase change occurs during the process. 
For these reasons membrane processes are widely used in pharmaceutical, food, water, 
wastewater processing and chemical processing. 
1.2.1 Classification of Membrane Processes 
The driving force used to obtain separation and the size range of the molecules that 
they can separate classifies membrane filtration processes. 
i. Driving Force 
Separation achieved from the use of membranes results from different transport rates 
of species through the membrane. The transport rate is a function of a driving force 
that exists through pressure, concentration, electrostatic or temperature gradients 
present within a process. Table 1 shows some membrane processes and their 
corresponding driving force. 
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Pressure Electric Field Concentration Temperature 
Microfiltration Electrodialysis Dialysis Carrier impregnated 
membrane 
Ultrafiltration Electro-osmosis Controlled release Thermo-osmosis 
Reverse Osmosis Electrophoresis Liquid membrane Membrane 
separation distillation 
Piezodialysis Transport Deletion Gas separation 
, . . . :. 
• ••• 
< • Pervaporation .... 
Table 1: Driving forces of membrane processes. 
ii. Size Range 
There are no definite ranges for the various membrane systems. Many systems overlap 
in their separation ranges and much depends on the membrane selected for a particular 
process. Figure 1 shows a general guide to applicable size ranges for the principle 
membrane system (Scot! 1995). 
I Filtration I 
I Microfiltration I 
I 
I Ultrafiltration I 
IN anofiltration I 
IRe verse Osmosis I 
I 
10-4 10-3 10-2 10-1 
Particle Diameter (/lm) 
Figure 1: Range of application of pressure based separation processes 
L. M. Ayre, Ph.D. Thesis 4 
. 
Chapter 1. Introduction 
1.2.2 Ultrafiltration 
Ultrafiltration is a separation process widely used in purification and concentration in 
downstream processing in the food and bio-processing industry being used to achieve 
separation of smaller molecules (0.005-0.2/Jlll) and typically pore sizes range from 10 
to 1000 A (0.0001-0.01 Ilm). The process is pressure driven and the main basis for 
separation is molecular size however shape and charge may have an affect. Materials 
ranging in molecular weight from 300 to 500000 Daltons are retained whilst salts and 
water are allowed passage through the membrane. This study concerns the behaviour 
of ultrafiltration membranes, used in preference to other separation processes due to: 
-Low temperature requirement, which prevents denaturation of products 
-No phase change is required therefore is a gentle non-destructive technique 
-No chemical reagents are required and 
-Simultaneous concentration and purification can be achieved (Goldberg 1997). 
Unfortunately ultrafiltration is not without its problems. Over a short period of time, 
proteins or other solutes can bind or are adsorbed to the membrane surface which is 
often accompanied by an increased retention of solutes and hence loss of valuable 
product. Ultimately the membrane can become blocked resulting in reduced flux rates 
leading to a loss in production and even downtime to allow cleaning or replacement of 
the membrane. 
1.2.3 Modes of operation of Ultrafiltration Membranes 
There are two modes of operation of membrane systems, 'Dead End' filtration (Figure 
2) and 'Cross Flow' filtration (Figure 3), (HoweIl et al, 1993). 
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Feed 
000 00 0.0 010 000 00 
r°!'Jl):QQaO Q?,~,pe· Q~"'~'~"i~ 1 ~ Membrane 
• Penneate 
Figure 2: Dead End filtration 
Feed 
-
---I ... ~ Retentate 
000 0000000000 " 
1'7"1 i '" .,--.....::;".."..".."...,----=.,.....::;---><..,.:-----''''-:--,--,1 ~ Membrane 
Permeate 
Figure 3: Cross Flow filtration 
Cross flow filtration is the most commonly used mode of operation in membrane 
systems as it reduces the filter cake build up which occurs in dead end systems, and 
thus allows much higher flux rates to be achieved. 
1.2.4 Applications of ultrafiltration processes in industry 
Ultrafiltration techniques can be used to concentrate, purify and fractionate 
macromolecules in a feed stream. Table 2 shows some examples of applications of 
ultrafiltration in the chemical, food, water and pharmaceutical industry. 
Ultrafiltration can also be applied to medical applications such as the treatment of 
Uraemia, a disease of the kidneys where ultrafiltration is used to separate water, 
electrolytes and toxins from useful blood proteins and other elements. 
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Ultrafiltration membranes have also been employed as barriers around artificial 
organs. Due to their selective permeability and inert nature, the organs are protected 
from immune system attack, as antibodies cannot pass through the membrane while 
required cellular products can permeate and pass into and out of the blood stream. 
Process Applications 
Concentration Whey proteins, Milk, Egg Albumin, Gelatine 
Purification Polymers, OillWater Emulsions, Paint Emulsions, 
Enzymes 
Water, Drugs, Sugars 
Clarification Fruit Juices, Wines, Beers, Fermentation Broths 
Table 2: Applications of Ultrafiltration in Industry 
1.2.5 Fouling 
Fouling is the irreversible deposition and accumulation of particles onto the 
membrane surface. As already mentioned it is one of the main disadvantages of 
membrane processes as it leads to loss of product, decreased flux rates and downtime 
as the membrane must be cleaned or replaced. The extent of fouling depends on the 
nature of the process fluid, membrane fluid interactions and the magnitude of the 
driving force across the membrane. Reviewed in the following section is a selection of 
the literature published describing membrane-fouling studies. 
1.2.5.1 Membrane Characterisation 
The membrane material and its surface characteristics have been shown to influence 
membrane performance. 
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The molecular weight cut off (MWCO) of the membrane is an experimentally 
determined parameter based on the pore size distribution of the membrane. It is 
defined as the molecular weight above which high removal efficiency (nominally 
99%) occurs. The solutes retained by UF membranes are those with molecular weight 
~ 103 depending on the MWCO of the membrane. 
Numerous investigations have found that the quantity of protein adsorbed increases as 
the hydrophobic nature of the surface increases (Lu & Park, 1991; Weigert & Sara 
1996). The principle behind this observation is that a hydrophilic surface with a strong 
affinity for water remains wetted even in the presence of hydrophobic particles and 
therefore these particles are unable to adhere to the surface. Surface roughness has 
also been considered a factor in the amount of protein adsorbed (Elimelech et ai, 
1997). 
Elimination of the problems associated with membrane surface properties was 
attempted by Weigert & Sara (1996), who developed an active crystalline bacterial 
cell surface protein (S-layers) membrane with crystalline structure, pores identical in 
size and morphology and well defined topographical and physico-chemical 
characteristics. 
1.2.5.2 Interfacial forces 
Interfacial forces arise between the solute molecules and the membrane surface. The 
extent of these forces determines whether the solute molecules attach themselves to 
the membrane, to other solute molecules or both (Howell et ai, 1993). 
These forces can be divided into three processes:-
i Electrostatic interactions: occur when two charged species approach each other 
and interact. This can lead to either attraction between the two molecules or repulsion. 
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ii Van der Waals forces: occur when closely situated molecules induce charge 
polarisation in each other, resulting in a strong attractive force between them. 
iii Solvation Forces: involve the interaction of the solvent molecules, in most cases 
water, with either the hydrophilic or hydrophobic membrane surface. Hydrophilic 
surfaces form hydrogen bonds with water molecules, whilst hydrophobic surfaces 
produce strongly hydrophobic interactions. 
Some solutes will adsorb to a membrane to a greater extent than others. The 
adsorption process, which can occur at the membrane surface or within the pore of the 
membrane is undesirable in a membrane system and results in fouling. Modifications 
in the pH and ionic strength of the solution are factors that may alter the degree of 
fouling experienced with a particular membrane system (Fane et ai, 1983 (a); (b); 
CampbeII et ai, 1993; Palececk et ai, 1993; Daufin et ai, 1994). 
1.2.5.3 Adsorption studies of proteins onto membranes 
It has been shown that adsorption of macromolecules onto the membrane surface is 
one of the most important factors involved in the fouling process affecting both the 
trans-membrane flux and the separation characteristics (HoweII & Velicangil, 1982; 
Matthiasson, 1983). Two types of adsorption were shown to have occurred in the 
study of plasma proteins adsorption onto polymer membranes. The first type was the 
protein molecules tightly bound to the membrane at specific sites due to endotherrnic, 
hydrophobic interactions while the second type was more hydrophilic in nature, easily 
reversible and exotherrnic (Dillman & Miller, 1973). 
1.2.5.4 Factors affecting flux decline during UF 
Zeman (1983) studied the rejection of macromolecules by ultrafiltration and found 
that the relative thickness of the adsorbed solute layer in a membrane pore was found 
to depend on many factors such as, solute size, hydrophobicity, pH and ionic strength 
for a protein solute, the solute concentration and the time for adsorption and that the 
L. M. Ayre, Ph.D. Thesis 9 
Chapter 1. Introduction 
solute adsorption onto the membrane is intimately linked with its rejection. Changing 
the micro-environment of the protein can have a marked effect on UF processes. The 
following are examples of studies indicating how changing factors such as dissolved 
solutes, temperature and pH affect protein structure, thus protein fouling and so 
determines the membrane performance. 
Fane et ai, (l983b) studied the UF of BSA solutions and the flux decline with 
differing solution properties. It was determined that the ultrafiltration flux varied with 
pH and a distinct minimum occurred at the isoelectric point, the pH where the net 
charge of the molecule is equal to zero. In the presence of salts the flux is substantially 
increased however subsequent changes in pH can eliminate the flux increase. The 
results were explained in terms of conformational changes and charge effects which 
can lead to variations in the permeability of the protein. 
It was found that there was a good correlation between ovalbumin surface morphology 
(dictated by changing ethanol and (NH4)2S04 concentrations) and flux decline 
(Elysee-CoUen and Lencki, 1997); therefore suggesting that protein structure may 
affect the membrane fouling process. 
Increasing the temperature during ultrafiltration was found to decrease flux. This was 
thought to have been due to exposure of the protein's inner hydrophobic core, leaving 
the protein with an increased tendency to aggregate or adsorb to suitable surfaces 
rather than remaining in solution (Campbell et ai, 1993). 
The pH of the protein solution was also shown to affect the fouling of protein onto 
ultrafiltration membranes. Nystrom (1989), found that when filtering ovalbumin using 
unmodified polysulphone membranes that the flux decline was greatest at the 
isoelectric point of the protein. This effect was repeated in the ultrafiltration of 
clarified whey. Membrane permeability was determined to be different depending on 
whether the process pH is close to the protein's isoelectric point. At acidic pH 
reversible phenomena and fouling due to adsorption of the whey proteins occurred. It 
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was also found that increasing the phosphate concentration decreased the amount of 
protein adsorption onto the membrane (Daufin et ai, 1994). 
1.2.5.5 Mechanisms of protein fouling of UF membranes 
Reihanin et ai, (1983) studied the ultrafiltration of BSA onto hydrophobic 
polysulphone membranes and hydrophilic cellulose acetate membranes. It was found 
that the rate of BSA layer removal by agitation is much slower with the hydrophobic 
polysulphone membrane than with the hydrophilic membranes, indicating that 
molecular interactions between the BSA and the membrane surface are of central 
importance to membrane fouling by proteins. 
Kelly and Zydney (1995), proposed a two-stage model for protein adsorption in UF 
which involved protein aggregate deposition onto the membrane surface, followed by 
cake layer formation due to protein addition to the initial deposit. This was based on a 
previous study (Kelly & Zydney, 1994), which demonstrated that BSA aggregation 
occurred through the formation of intermolecular disulphide bridges. This study also 
suggested that the thiol oxidation and intermolecular thiol-disulphide interchange play 
a general role in protein fouling. 
Saaksena and Zydney (1997) later developed a model that provided an improved 
description of the flux-pressure dependence during protein UF particularly for protein 
mixtures where solute interactions may be important. The model was able to predict 
the observed reduction in BSA transmission caused by the presence of IgG and 
showed the behaviour was due to the increase in the diffusive flux of BSA caused by 
the concentration gradient in IgG. 
1.2.5.6 Techniques applied in the analysis offouled membranes 
Sheldon et al (1991) found that the quantity of protein adsorbed depended on the 
membrane material. Transmission electron microscopy (TEM) was used to explain 
these observations. IrnmunochemicaI staining was used to show the position of protein 
1... M. Ayre. Ph.D. Thesis 11 
Chapter 1. Introduction 
in the membrane; freeze drying, followed by deep etching, was used to determine the 
nature of protein molecules within the membrane fouling layer at the membrane 
surface. It was found that protein not only accumulates at the surface but also within 
the bulk of the membrane, and that the distribution of the protein reflects the solvent 
path. In polysulphone membranes the protein was not of the dimensions of native 
BSA and it appeared that the tertiary structure of the protein had been disrupted. 
Protein-membrane investigators have used scanning electron microscopy (SEM) to 
study the fouling process (Lee et al, 1975(a)(b); 1976; Cheryan & Merin 1980) to 
observe various forms of surface fouling materials in cottage cheese whey and the 
progressive build-up of deposits on membranes during UFo At the isoelectric point 
(pH at which the net charge of the protein molecule is zero, pI), fouling was found to 
occur only at the surface, but at pH values away from the pI, internal deposition was 
observed. Guell & Davis (1996) also used SEM to study the fouling of BSA, 
lysozyme and ovalbumin with various ultrafiltration materials. They observed that 
BSA and lysozyme fouled polysulphone membranes internally while in the same 
period ovalbumin fouled the same membrane both internally and externally. 
Field Emission SEM, (FESEM), which uses low beam energies and high resolutions, 
has been used to study mechanisms in protein fouling of ultrafiltration membranes 
(Kim et al, 1992). From the results obtained it was proposed that fouling appeared to 
be a surface phenomenon even for membranes that pass a considerable amount of 
protein. Two different types of foulant deposit were detected on the membrane 
surface, fouling by multi-layer (cake formation) and fouling by aggregates. 
Electron Paramagnetic Resonance spectroscopy (EPR) was investigated as a method 
for exploring protein-membrane interactions (Oppenheim et al, 1994). EPR was an 
ideal method for analysing short-term solute uptake in ultrafiltration. Results indicated 
that a substantial amount of protein uptake by the membrane occurred within the first 
few minutes of ultrafiltration, implying that pore plugging was a significant step in the 
overall irreversible adsorption of proteins. The EPR spectra showed that the proteins 
on the membrane surface had a different conformation to the proteins trapped and 
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lodged in the membrane pores. However, neither spectra represented conformations 
observed for highly constricted proteins or denatured proteins. 
Pradanos et ai, (1996) investigated fouling of membranes as a function of protein 
concentration, the tangential velocity at the membrane surface and the nature and size 
of the protein. It was shown that the fouling depends on the ratio of the protein size to 
the mean pore size and when the protein is not totally retained the kinetic constant for 
a slower fouling step increases with the molecular weight or size of the foulant 
protein. 
Ko et ai, (1994) developed a new analytical technique for quantifying single protein 
adsorption in the context of basic studies of membrane fouling. It combined two 
established techniques, HCl hydrolysis and the reaction of the resulting amino acids 
with ninhydrin. 
FT -IRis an alternative technique that has been used in the study of membrane fouling 
(Oldani and Schock, 1989; Pihlajamaki etal, 1998). The attenuated total reflection 
method has been found to be a useful tool for characterising membrane surfaces. The 
intensity of the peaks due to the adsorbed protein were found to increase as the 
radiation penetrated deeper into the sample, indicating the presence of more protein. 
The state of water in the active layer of cellulose acetate membranes has also been 
studied (Murphy & dePinho, 1995). Jeon et ai, (1992; 1994) have used the FT-IR 
technique for quantifying the adsorption of serum albumin on different polyurethane 
surfaces while Fu et ai, (1993) used it to detect the adsorption behaviour of lysozyme 
and immunoglobulin G onto a ZnSe crystal. 
A relatively recent approach is that which uses the atomic force microscope (AFM) to 
study both membrane surfaces and protein adsorption. Calvo et al (1997) used AFM 
to obtain pore size distributions and surface roughness values of ultrafiltration 
membranes. Bowen et al (1997) applied AFM to the characterisation of nanofiItration 
membranes through determination of the surface pore radius and surface porosity. The 
AFM images provided confirmation of the presence of discrete surface pores. Bowen 
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et al (1998a) again used the AFM technique to quantify the adhesive force between a 
colloid probe and an ultrafiltration membrane surface that he then later applied 
(Bowen et ai, 1998b) to measure directly the interaction of adsorbed bovine serum 
albumin (BSA) layers adsorbed both to a silica colloid probe and a silica surface. 
From the selection of literature summarised in this section it can be seen that the 
subject of protein adsorption and fouling poses a significant problem and thus any 
progression in the search for a solution would be beneficial. Many different 
approaches have been used in the search for a solution, however most concentrate on 
the membrane itself. This study will attempt to take an alternative approach: Is there a 
feature of the protein molecule that makes it more or less prone to adsorption to the 
surface of a membrane? 
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CHAPTER 2 
PROTEIN STRUCTURE 
2.1 Introduction 
In 1838 the Dutch chemist Gerardus Mulder extracted a substance common to all 
animal and plant material which he believed was the most important substance in the 
organic kingdom and without it life would not exist. Millder named this substance 
protein (from the Greek proteios meaning "of fIrst importance"). He gave this 
substance, protein, the molecular formula C4oH62N 10012; he was wrong about the 
chemistry of proteins but correct about their importance to all living organisms. 
Proteins are the most abundant of all the cellular components and include enzymes, 
antibodies, some hormones and transport molecules. They are information molecules 
originating from genetic information encoded in nucleotide bases in the chromosomes. 
In the 1930s there was still considerable doubt that proteins possessed a distinct 
molecular structure. Bernal and Crowfoot in 1934 began the study of proteins by x-ray 
analysis, the fIrst structural concepts of proteins emerging as regular arrays of 
hexagonal rings. Myoglobin was the first protein to be understood in atomic detail by 
the pioneer John Kendrew in the early 1960s. The first two structures to be determined 
- myoglobin and haemoglobin were seen to have strong similarities, this trend has 
continued with other proteins and most structures have been studied as groups rather 
than individuals. 
2.2 Protein Structure 
A protein molecule contains a string of amino acids, each with a common backbone 
and different side chains. Figure 4 shows the general structure of an uncharged L-
amino acid. There are twenty naturally occurring amino acids shown in Figure 5. 
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Figure 4: Structure of a single L-amino acid 
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Figure 5: The chemical structure of twenty common amino acids, with the polar 
functional groups markedO . 
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The a-carbon (Cll), is covalently bonded on one side to an amino group (NH2) and on 
the other side to a carboxyl group, a hydrogen and on the fourth bond is the variable 
side chain R. In a neutral solution the carboxyl group loses a proton and the amino 
group gains one thus an amino acid in solution is neutral but can also exist as a doubly 
charged species known as a zwitterion as shown in Figure 6. 
Carboxyl 
group 
Amino 
group 
Figure 6: A doubly charged zwitterion 
None of the amino acids are superimposible on their mirror image, the a-carbon is 
chiral and the mirror images are enantiomers. However it is only the L-form that exists 
in protein molecules. 
Amino acids are joined by a peptide bond between the carboxyl end of one amino acid 
to the amino end of another with the loss of a water molecule as shown in Figure 7. It 
is a relatively rigid unit, due to its 40% double bond character, which results from the 
delocalisation of a lone pair of electrons to form a resonance hybrid. This also creates 
a permanent dipole. Two planer forms are possible in which the adjacent alpha 
carbons are fixed in either the cis or trans configurations. 
Any number of amino acids can be joined in this fashion to form a polypeptide chain. 
The different side chain characteristics of the amino acids help determine folding and 
ultimately are responsible for the functional diversity of protein molecules. The 
polypeptide chain can be folded in three dimensions due to the twisting of the amide 
planes around the alpha carbon. Normally charged and/or polar molecules are located 
on the external surface of the protein molecule, while uncharged non-polar molecules 
are found buried within the protein molecule. 
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Figure 7: Fonnation of a peptide bond 
Protein structure can be divided into four levels: 
i. The primary structure 
The primary structure of a protein is the linear sequence of amino acids that makes up 
the covalent backbone. 
ii. The secondary structure 
The secondary structure of the protein is the way in which the chains of amino acids 
are rotated around the protein backbone until a thennodynamically stable 
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configuration is achieved. A secondary stnlcture may invo lve as few as three residues 
or can involve the majority of the residues in the polypeptide chain. Certain 
combinations of secondary stnlctures form recognisable patterns within a protein 
molecule. Three common secondary structures are found in proteins. They are: 
a) The a-helix 
The a -helix is the most common regular conformation in protein structure. It has a 
characterist ic pattern of hydrogen bonds between the carbonyl oxygen atom of each 
residue and the backbone NH group of the fourth residue along the chain. This leaves 
the first three NH groups and the last three carbonyl oxygen atoms of the helix 
without hydrogen bonds. The a -helix is probably stabi lised by hydrogen bonds and by 
the van der Waal forces between the atoms of the backbone. The average a -hel ix is 17 
A long and conta ins II residues, which corresponds to three turns (Darby & 
Creighton, 1993). A diagram of a a -heli x is shown in Figure 8. 
e ll = 0 
c = • 
0- . 
N= • 
o , 2 3 4 sA I I , I 
Figure 8: A a -helix. The path of the polypeptide backbone is shown as a solid line 
and hydrogen bonds between carbonyl oxygen atoms and NB groups as dotted lines. 
From Darby & Creighton (1993). 
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b) ~-sheets 
~ strands are the second major secondary structure of a protein molecule. It may be 
considered as a type of helix, with two residues per turn and a translation of 3.4 A per 
residue. Alone, this structure is not stable, however, multiple ~ strands form ~ sheets 
which when running in the same direction are known as paral lel or when in opposite 
directions, anti-paral lel. The strands are cross-linked by hydrogen bonds between the 
carbonyl oxygen atoms and the NH groups that exist at right angles to the peptide 
chain . Alternate a -carbons lie slightly above and below the plane of the sheet and so 
the path of the backbone has a pleated appearance (Figure 9). Like the a-helix, ~­
sheets can have faces that are predominantly polar or non-polar, by having residues of 
the same type at alternate positions in each strand. 
Figure 9 : Two strands of an anti-parallel ~-sheet with the bond planes highlighted to show 
the pleated effect. From Darby & Creighton, (1993). 
c) Random Structures 
Those structures that cannot be classified as either a-helix or ~-sheets are usually 
grouped into a category called "other" or "random coil". This last classification is not 
strictly correct as no portion of protein three-dimensional structure is truly random and 
it is usually not a coil. 
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iii. The tertiary structure 
The third level of structure a protein assumes is known as the tertiary structure. This 
level of structure defines the location of each amino acid of the protein and is 
determined by the three- dimensional twisting of linear chain already organised by the 
primary and secondary structures. The tertiary structure is stabilised by hydrogen 
bonds, hydrophobic interactions, electrostatic interactions and covalent interactions in 
the form of disulphide bridges (described in greater detail in section 2.4). The specific 
tertiary structure assumed by a protein molecule can have considerable impact on the 
properties of that molecule. The protein folds in such a way as to remove as many 
hydrophobic groups as possible from the aqueous phase and the final conformation 
should be such as to maximise favourable interactions between different areas of the 
molecule. This commonly results in the protein molecule having a very compact 
structure. 
iv. The quaternary structure 
This structure level describes the way in which protein molecules tend to associate in 
well-defined structures. These structures are often caused by the addition of small 
molecules or by slight changes in the structure of the individual molecule. For 
example, many enzymes can be polymerised or depolymerised by the action of 
phosphatases or kinases. The addition or removal of a phosphate group from a protein 
molecule can affect its ability to form associated structures. 
2.3 Non-covalent forces in maintaining protein structure 
Non-covalent interactions between different atoms are especially important in 
defining and stabilising the large three-dimensional structures of proteins. These 
interactions are considered to be of four types: 
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i. van der Waals Forces 
The folding of the protein normally results in the non-polar side chains being 
orientated toward the interior of the molecule to avoid contact with water molecules. 
The polar side chains exist on the surface of the protein molecule where they interact 
strongly with the water molecules. Thus it is the interactions of the non-polar 
molecules on the interior of the molecules that determine the conformation of the 
protein molecule. The interactions between these side chains are van der Waals forces 
due to existing and induced dipoles from the movement of electrons about the nucleus 
in some atoms. 
ii. Hydrogen Bonds 
The carbonyl and amide groups of the polypeptide backbone are either involved in 
hydrogen bonding within the secondary structure, hydrogen bonded to water or 
hydrogen bonded to a polar residue. The hydrogen bonds are formed by 'sharing' of a 
hydrogen atom between two electronegative atoms such as N and O. Most protein 
hydrogen bonds are found in the interior of the protein where there is little or no 
competition with water molecules. Asparagine, glutamine, serine and threonine side 
chains possess hydroxyl or amide groups capable of forming hydrogen bonds. 
iii. Electrostatic Interactions 
Occasionally ionic side chains are orientated towards the hydrophobic interior of the 
protein molecule where there is little water available for solvation and thus the pKa of 
these residues in shifted by almost two pH units and thus are normally found ionically 
bonded to other groups. They involve interactions between the oppositely charged 
groups of a molecule, for example the positively charged amino side chains of lysine 
and argenine and the negatively charged carboxyl groups of glutamic and aspartic 
acid. 
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iv. Hydrophobic interactions 
The hydrophobic, 'water hating' amino acids of a protein will tend to cluster together 
as a result of their repulsion by the hydrogen bonded water in which the protein is 
dissolved. The hydrophobic regions of a protein will preferentially locate away from 
the surface of the molecule. The hydrophobic interaction has unusual properties that 
make it very difficult to understand. For example it is temperature dependant, 
increasing in strength as the temperature increases. 
2.4 Disulphide Bonds 
The disulphide bond is a covalent bond formed from the oxidation of two cysteine 
residues (-SH). No other covalent cross-links are found within protein molecules. The 
reaction of their formation is shown in Figure 10. 
H H 0 
1 1 11 
-N-C-C-
1 
CH2 
IsHl 
~ 
CH2 
I 
-N-C-C-
I I 11 
H HO 
Cysteine 
OXIDATION 
• 
Figure 10: Diagram of disulphide bridge formation 
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Cystine 
Disulphide bridges, where present, contribute greatly to the conformation of the 
protein molecule. The presence of polar charged and non-polar amino acid side chains 
in protein provide the opportunity for multiple modes of binding with many types of 
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surfaces. The general tendency for non-polar residues to be internalised in the native 
protein, may require structural alterations upon adsorption in order to maximise the 
number of contacts with the surface. For example protein adsorption onto a 
hydrophobic surface could involve conformational changes to optimise the various 
bonding interactions between the protein's hydrophobic and hydrophilic sites with the 
surface and water phases respectfully. If this is so, as the disulphide bridge contributes 
to the conformational stability of the protein molecule the question may be asked if 
these disulphide bridges are broken during the adsorption process to form two free 
cysteine residues. This is a particular aspect of protein structure that will be studied in 
detail within the course of the investigation, namely whether the adsorption process 
induces breakage of disulphide bridges to leave two free cysteine residues. 
2.5 The proteins used in this investigation 
The proteins used in this investigation were chosen due to their range in molecular 
mass and ease of availability. They were bovine serum albumin (BSA), casein, 
lysozyme, pepsin and egg albumin (ovalbumin). As previously mentioned the 
structural diversity of proteins contributes to the functionality of proteins. The next 
section describes the proteins used in this investigation in greater detail. 
2.5.1 BSA 
Bovine serum albumin is a versatile protein with numerous functions making it 
difficult to name one as the most important. It is the main extra-cellular circulatory 
protein, and thus it is important in maintaining the circulation. As a metabolic protein 
it is the solubilising agent for long chain fatty acids and thus it is essential to the 
metabolism of lipids. BSA can also bind to toxins, through its binding to bilirubin in 
jaundiced babies, and finally the breakdown of albumin provides amino acids for 
nutrition of tissues. The molecule consists of three polypeptide chains of 
approximately 580 amino acids and has a molecular weight of 66 210 Daltons 
calculated form amino acid composition. BSA has no carbohydrate within its 
molecule but has one free thiol group and seventeen inter-chain disulphide bonds 
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(Brown, 1977). Owing to the studies by Brown (1977), the sequence of BSA is 
known. The isoelectric point (the pH at which the net charge of the molecule is 0) of 
BSA is around 5.3 if the molecule is almost defatted; however with binding of long 
chain fatty acids to the molecule the isoelectric point tends to be lower (Kaplan and 
Foster, 1971). Fatty acids that are present are tightly bound, but not covalently, and 
human forms of serum albumin have been found to contain 1.8 to 2.5 fatty acid 
molecules per molecule of albumin (Chen 1967), whilst bovine albumins have less 
than one fatty acid molecule per protein molecule (Krasner and McMenarny, 1966). 
The biosynthesis, metabolism and physiological role of BSA have been extensively 
studied. Anker (1960) is an example of an early study and a later publication is by 
Brown (1977). 
The secondary structure of aqueous BSA was determined using FT-IR to be composed 
of 53% a-helix, 22% turns and 25% J3-sheet structure (Fu et ai, 1994). 
2.5.2 Pepsin 
Pepsin, an acidic protease, is the principal proteolytic enzyme of vertebrate gastric 
juice. Its inactive precursor, pepsinogen, is produced in the stomach mucosa. 
Historically it is of interest as one of the first enzymes to be crystallised when John H. 
Northrup crystallised pepsin in 1930, an achievement for which he shared the Nobel 
Prize in 1946. 
Pepsin has a reported molecular mass of 35 000 daltons (Bovey and Yanari, 1960), 
and an isoelectric point of 1.0. The optimum pH is also 1.0 for substrates such as 
casein or haemoglobin if the substrate is native protein (Cornish-Bowden and 
Knowles, 1969). Pepsin cleaves proteins preferentially at carboxylic groups of 
aromatic amino acids such as phenylalanine and tyrosine. It will not cleave at bonds 
containing valine, alanine or glycine. Pepsin is inhibited by substrates such as 
epoxides. The structure of porcine pepsin has been reported by Chen et ai, (1975). 
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2.5.3 Casein 
Casein is the tenn given to a group of phosphoproteins that fonn about 80 percent of 
the total proteins in cow's milk. It contains all of the common amino acids and is high 
in the essential ones. It exists as an equilibrium of soluble and complex colloidal 
aggregates (micelles) consisting of alpha, beta and gamma caseins (75%, 22% and 3% 
respectively). Aschaffenburg's (1961) observation that several independent genes are 
involved in milk production suggests that the heterogeneity in casein may be due to 
genetic variations. Casein solidifies when milk is made slightly acidic and it is this 
property that dictates its use as the chief ingredient in cheese. Other uses for casein 
include food supplements, adhesives, and a finishing material for paper and textiles. It 
has also been used in water paints. 
As previously mentioned casein can be divided into three types:-
i. a-Casein 
von Hippel and Waugh (1955) describe a preparation of casein at constant pH. The 
method involves shifting the casein into micelles by adding Ca2+ and isolating them 
centrifugally. By removing calcium from the micelles the casein is released into 
solution. They showed that the classical a-casein is composed of two major 
components: a.-casein, precipitable with Ca2+, pI 4.1, a molecular mass of around 30 
000 Daltons (Thompson et ai, 1965) and K-casein, a glycoprotein, which is calcium 
insensitive with a pI of 3.7, molecular mass of 20 000 daltons (Talbot and Waugh, 
1970), and one disulphide bond (MacKinlay & Wake, 1965). It accounts for 
approximately 15% of whole bovine casein and in the presence of Ca2+ will fonn 
micelles with either a or ~ caseins (Dickson & Perkins, 1971). 
ii. ~-casein 
~-casein has been studied by Hoagland (1968), Evans et ai, (1971 a; b) and Creamer 
(1972). Its primary structure was determined by Ribadeau u-Dumar et ai, (1971). Its 
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molecular mass is reported to be around 24 100 Daltons and has a pI of 4.5 
(Thompson et ai, 1965). 
iii. y-casein 
y-casein has an approximate molecular mass of 30 ODD, no disulphide bridges and a pI 
of between 5.8-6.0 (Thompson ,1965). 
Casein structure in the native form has been reported not to fold into any discernible 
regular pattern of secondary structure and its secondary structure as determined using 
FrIR analysis techniques to be a 100% random structure (Creamer et ai, 1981; Byler 
& Susi, 1986). 
2.5.4 Lysozyme 
Lysozyme is a globular protein of molecular weight 14,307 with 129 amino acids in a 
single polypeptide chain (Canfield,1963 a;b), four disulphide bridges (Brown, 1964) 
and an isoelectric point at pH 11.35 (Wetter et ai, 1951). 
It hydrolyses preferentially the ~-1,4 glucosidic linkages between N-acetylmuramic 
acid and N-acetylglucosamine which occur in the mucopeptide cell-wall structure of 
certain micro-organisms. A somewhat more limited activity is exhibited towards 
chitin oligomers (Holler et ai, 1975 a;b). 
Lysozyme is of widespread distribution in animals and plants and was the third 
protein and first enzyme to have its detailed molecular structure determined by x-ray 
analysis (Phillips, 1967; Blake et al,1965). 
Considerable physicochemical information is available for lysozyme. Structure-
function relationships are thoroughly reviewed by Imoto et ai, (1972) and Phillips, 
(1972). Chipman and Sharon, (1969) have provided descriptions of the enzyme and its 
catalytic mechanism. 
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Lysozyme like the globins, confonns to the principle of hydrophobic in, hydrophilic 
out. Generally its charged polar groups are on the surface as are its uncharged polar 
groups, with one or two exceptions. The majority of its non-polar hydrophobic groups 
are buried in the interior. 
The secondary structure of lysozyme has been extensively studied using a variety of 
different techniques however producing very different results. Using x-ray diffraction, 
the secondary structure was detennined to be composed of 28-42 % a-helix, 10% ~­
sheet and 48-62% random structures (Blake et ai, 1965; Phillips, 1966; 1967). A 
Circular dichroism technique detennined the secondary structure to be 28% a-helix, 
11 % ~ sheet and 60% random coil structure (Blake et ai, 1965; Phillips, 1966; 1967). 
FT-IR on the other hand detennined the secondary structure of lysozyme to be 
composed of 21 % ~-structure, and 41 % a-helix (Susi & Byler 1986). 
2.5.5 Ovalbumin 
Ovalbumin is a glycoprotein and the major constituent of egg white. It is a monomer 
comprising 385 residues and has a molecular weight of 45,000 (Jeffrey et al; 1977). 
Nichol et ai, (1985) reported on a study of the shape of the ovalbumin molecule. The 
isoelectric point of ovalbumin is pH 4.6, however during electrophoresis studies it was 
found that ovalbumin may consist of three distinct components which are separable 
due to the differing content of phosphorous having two, one and no phosphorous 
molecules per molecule of ovalbumin (Ansari et ai, 1972). There are six cysteine 
residues in egg white albumin, two are involved in a disulphide bond while the other 
four exist as free thiol groups however they are reported to have differing reactivities. 
(Fothergill & Fothergill, 1970). 
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CHAPTER 3 
LITERATURE SURVEY 
3.1 The adsorption of proteins onto surfaces 
3.1.1 Introduction 
Proteins are large complex macromolecules made up of sequences of twenty different 
amino acids of varying hydrophobicities. Consequently proteins are amphiphilic and 
therefore usually highly surface active. 
Proteins at interfaces are important in many applied areas including separation and 
purification, the compatibility of biomaterials, mammalian and bacterial cell adhesion, 
blood coagulation at solid and membrane surfaces, solid phase immunoassays and the 
list goes on. The nature of the adsorbed layer and the amount of adsorption depends 
on many factors. This section reviews literature on the subject of protein adsorption. 
3.1.2 Theory and molecular mechanisms of protein adsorption 
The interactions conceived as occurring in protein adsorption are mostly non-covalent 
and include hydrogen bonding, electrostatic and hydrophobic interactions. Protein 
adsorption is distinguished from other adsorption processes by the large size of the 
adsorbate and by the fact that while adsorbed the protein is thought to undergo various 
. transformations, both physical and chemical. A selection of the literature focusing on 
the modelling of protein adsorption in binary systems is summarised below. 
3.1.2.1 The Langmuir Relationship 
The Langmuir type relationship, Equation I, is still used to fit protein adsorption data 
despite its shortcomings in relation to proteins. 
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Where: 
Y - Ya X 
k+x 
Y : protein adsorbed lunit area 
Ya: protein adsorbed corresponding to a monolayer 
x: equilibrium soln conc (mass/vol) 
k: affinity binding constant(mass/vol) 
The Langmuir relationship assumes: 
i. Only one molecule can be adsorbed per site 
ii. Only one type of site is present (homogeneous surface) 
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Eqn.l 
iii. The adsorption of one molecule does not affect the adsorption energy of other 
molecules 
iv. Only one adsorbing species is present 
v. Dilute solution and 
vi. Reversible adsorption. 
The major shortfall is that the Langmuir model requires the adsorption to be reversible 
(as proposed in statement vi above), while most investigations have found it to 
irreversible on a real time scale. There seems little doubt that this results from the 
multivalent binding interactions which are typical of protein adsorption. However the 
data in many investigations fits the Langmuir relationship well, confirmation that the 
Langmuir mechanism may be applicable. However, affinity constants, k, calculated 
from such data are at best qualitative indications of the binding affinity of a surface. 
3.1.2.2 The driving force for protein adsorption 
This was the subject considered by Norde and LykIema, (1978a-e), who considered 
the thermodynamic contributions to protein adsorption. These included :-
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a) Hydrophobic dehydration resulting from the bonding of the protein hydrophobic 
areas to the hydrophobic regions on the adsorbent. 
b) Overall electrostatic interactions depend on surface charge and protein charge both 
of which are functions of the pH and its ionic content. 
c) Protein conformational changes contribute positively both to the enthalpy and 
entropy of adsorption. Such contributions are also pH dependant. 
d) Ion incorporation has two aspects; 
i. Transport of ions from solution to the adsorbed protein layer, contributions to 
enthalpy are normally negative. 
ii. The ion contribution to the enthalpic forces depends on the protein-surface 
charge difference, pH, and solution ionic content. The entropic contribution is 
positive. 
e) Overall Van der Waals interactions were considered to be insignificant. 
f) Specific binding may also play an important role and its contributions to both 
enthalpy and entropy of the adsorption are dependant on the specific protein-
surface combination. 
3.1.2.3 Other mechanisms 
Norde and Anusiem (1992) used a more conventional approach to the interpretation of 
isotherm data of BSA and lysozyme adsorption to silica and hematite. They used 
relative values for the initial isotherm slopes for a series of protein-surface systems in 
terms of the relative adsorption affinities. The result from this study showed that BSA 
that had been adsorbed and subsequently desorbed showed a higher affinity than the 
native BSA. This suggested that adsorption process had caused a significant physical 
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transition within the protein which rendered it more likely to adsorb to a surface. No 
such affect was found for lysozyme a much smaller protein than BSA. 
Norde and Haynes, (1995) later investigated the reversibility aspect of protein 
adsorption and showed that significant internally created entropy may be generated 
during the adsorption process and thus in such cases adsorption is irreversible. Their 
estimates of internal entropy stem from hysteresis loops in the adsorption and 
desorption isotherms and it was suggested that the higher adsorption values seen in the 
descending arms of the isotherms are indicative that the desorbed protein is adsorbed 
to a greater extent than the native protein. This was confirmed using the data for the 
BSA-silica system from previous work (Norde and Anusiem, 1992). 
Modelling of protein adsorption was also the topic of investigation by Schaff and 
Talbot, (1989a;b), who looked at the random sequential adsorption (RSA) model in 
relation to proteins. RSA is a surface filling modelcontroIIed by geometry and does 
not allow for desorption or diffusion of the protein over the surface. An important 
implication of this theory is the so called 'jamming limit' of surface coverage. A point 
beyond which no further molecules can be adsorbed to the layer. This model is also 
relevant to protein adsorption in that it stipulates irreversibility, however does not 
consider surface diffusion. 
Other reports do show that molecules can diffuse over a surface even though they 
cannot desorb. Rabe & Hilton, (1993), showed, using fluorescence methods, that 
adsorbed BSA diffused over the surface of acrylic polymers. 
Ramsden (1995) presented some interesting points regarding protein adsorption. He 
proposed three mechanisms for protein adsorption to surfaces. 
i. Proteins may adsorb in two or more distinct orientations however most proteins 
are ellipsoidal in shape. 
ii. The protein may be denatured by its interaction with the surface-denaturation 
similar to re-orientation. 
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iii. The protein forms an ordered 2D crystal at the surface, supersaturation at the 
surface hence adsorption. 
He also posed the question: Do proteins adhere to each other? If this did occur an 
adsorbed multi-layer of unlimited thickness could be formed. He suggested that 
adsorption may induce conformational changes and alter charge distribution enabling 
the formation of multi-layers. 
Lundstrom (1985) presented a dynamic model of protein adsorption onto a solid 
surface assuming that the protein molecule changed conformation after adsorption. 
The basis of this model was that protein adsorption appeared mainly irreversible and 
formed thin layers on surfaces like gold, platinum and thicker more extended layers on 
oxidised metals like titanium and zirconium. A further observation was that denatured 
proteins were found in solution after adsorption experiments indicating that molecules 
may be desorbed from the surface with a changed conformation. This could be 
evidence for a loosely bound protein layer developed on the irreversibly bound layer. 
Wojciechowski and Brash (1990) produced a computer simulation program in an 
attempt to model protein adsorption. In order to simulate protein adsorption they 
needed to test theoretical mechanisms for interfacial protein behaviour. They 
hypothesised that protein adsorption required more than one or two mechanisms to 
adequately describe the wide range of behaviour. 
The investigation of Ko et al (1993) stated that protein adsorption is an irreversible 
process that is normally entropically driven by the structural rearrangement of the 
adsorbed protein molecule. It was found that several binding steps occur; charge 
redistribution; dehydration of solid surface and protein and structural rearrangement of 
the adsorbed protein. During adsorption the protein conformation rearranged to reach 
the most energetically favourable state therefore short-range interactions between 
proteins and media are important. These included hydrogen bonding, dipole-dipole 
and dipole induced interactions. As a result of intermolecular interactions, water 
molecules formed dynamic aggregates thereby introducing a phase boundary between 
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hydrophobic and hydrophilic regions. As adsorption occurs the water aggregates were 
removed from the solid surface, dehydrating it. Internal and structural rearrangement 
of the protein occurred simultaneously resulting in an order of magnitude increase in 
the number of exposed binding sites per molecule for hydrophobic and other 
interactions. Near the isoelectric point the electrostatic contribution to adsorption was 
small and simultaneous dehydration and structural rearrangement of the molecule 
were particularly important. 
Staunton and Quiquampoix (1994) investigated the effect of increasing the 
hydrophobic interaction of BSA on a montmorillonite surface by methylation of lysine 
residues. The maximum adsorption of BSA with changing pH was a consequence of 
two different phenomenons: an unfolding of the BSA below the isoelectric point and a 
reduction in solid coverage above the isoelectric point. The results showed a direct 
electrostatic interaction between the BSA with pH dependant charge and the 
electronegative clay surface (charge independent). To study hydrophobic interactions 
the native and methylated forms of BSA were studied. It was found that the 
methylation of the BSA enhanced adsorption. 
3.1.3 Competitive adsorption of protein 
Competitive adsorption of proteins is important in that many interfacial phenomena 
occur in the presence of mixtures of proteins, in particular protein fouling during food 
processing. The irreversibility of protein adsorption is a fundamental difference 
between the competitive adsorption of proteins and other competitive processes. The 
displacement of a previously adsorbed protein molecule depends on the residence time 
because the adsorbed protein molecules tend to undergo a molecular relaxation or 
spreading on the surface. It has been found that the effect of relaxation processes on 
competitive adsorption cannot be predicted from data taken from single protein 
adsorption. An example of competitive adsorption behaviour is the Vroman effect 
observed for fibrinogen adsorption from plasma (Slack & Horbett, 1989). The 
displacement of fibrinogen from synthetic surfaces by other plasma proteins with a 
higher affinity for the surface is known as the Vroman effect and is a general 
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phenomenon reflecting competitive adsorption of proteins for a finite number of 
surface sites. Abundant proteins of low affinity are expected to be adsorbed initially 
and later be replaced by scarcer molecules of higher affinity. A major factor 
determining the outcome of any competitive process is the relative concentrations of 
the competing species. For example, it has been found that increasing the 
concentration of fibrinogen in plasma results in an approximate proportional increase 
in the amount of fibrinogen adsorbed (Wojchiechowski et ai, 1986; Rorbett & Slack, 
1988). 
TIRF (Total Internal Reflectance Fluorescence) and ellipsometry have been used to 
study competitive adsorption to a hydrophobic model surface. The adsorption of RSA, 
IgG and fibrinogen was investigated. The total amount adsorbed and the composition 
of the adsorbed layer could be determined. It was found that adsorbed RSA is not 
displaced by IgG and/or fibrinogen to any large extent. IgG and RSA dominate the 
adsorption from the ternary protein mixture although fibrinogen is present in the 
adsorbed layer to a small extent (Lassen & Malmsten, 1996). 
3.1.4 Conformation and orientation of proteins at interfaces 
The orientation and conformation of the adsorbed protein are critical, where 
conformation refers to the secondary, tertiary and quaternary structures. Certain 
orientations may make a specific site on the protein more accessible to a ligand, 
substrate or antigen. If the protein structure is changed due to the adsorption process 
and/or the new local environment, then it is said to be fully or partially denatured, 
meaning that its properties are no longer that of the native protein. Many studies of 
proteins at air-solution interfaces have indirectly established that the adsorbed proteins 
undergo detectable conformational changes. Studies at solid-liquid interfaces are few. 
This section reviews the investigations carried out in this field with reference to the 
techniques employed. 
Many of the theories attempting to explain the behaviour of proteins at interfaces 
suggest a contribution from the entropy gain during the process from the unfolding 
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protein. It would be reasonable to suppose that proteins adsorbed to solid surfaces may 
undergo some conformational change due to the relatively low structural stability of 
proteins and their tendency to unfold to allow formation of additional contacts with 
the surface. 
Some models have been proposed that allow for a transition from a reversibly 
adsorbed state to a more tightly held state brought about by molecular restructuring or 
relaxation of the protein on the surface (Andrade, 1985; Lundstrom, 1985; Slack & 
Horbett, 1989). 
Since enzymes and antibodies retain at least some of their activity in the adsorbed 
state and biological activity is dependant on the maintenance of a native structure, it 
would seem that on some surfaces, conformational changes of adsorbed proteins are 
limited in nature. 
It should be noted that physiochemical methods do not usually give information about 
the state of a localised region of adsorbed proteins, instead some overall measure is 
obtained such as change in alpha helix content from CD measurements or IR spectra. 
In some cases an extrinsic label such as a fluorescent label whose location may be 
specific may be measured. 
As already mentioned there is substantial evidence that in some systems native or near 
native structure of adsorbed proteins is retained. Enzyme activity is frequently 
retained after adsorption although most thorough studies of this phenomenon have 
shown that the degree of retention varies with enzyme type and the degree of loading 
of the surface (Sandwick & Schray, 1988). Norde (1986) found that the thickness of 
protein films is close to that of a native molecule and later Blomberg and Claesson 
(1995) studied adsorbed proteins with surface force apparatus and found that the 
thickness of a lysozyme layer adsorbed to mica has similar dimensions to the native 
molecule. However, 13-casein at an air water interface, studied with neutron 
reflectivity, gave data that was consistent with the presence of a thin dense inner layer 
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and a much less dense more tenuous outer layer which may indicate the presence of 
both the native and denatured states (Atkinson et ai, 1995). 
3.1.5 Techniques to study adsorbed protein conformation 
3.1.5.1 Differential Scanning Calorimetry (DSC) 
Differential scanning micro-calorimetry studies indicate that some adsorbed proteins 
may lose their native structure on adsorption. Since a release of heat occurs for native 
proteins in solution due to unfolding at the transition temperature, an absence or 
reduction of this effect for an adsorbed protein suggests it has already undergone this 
transition. Haynes et al (1994a) observed the transition enthalpy of lysozyme adsorbed 
to negatively charged polystyrene was much less than for the protein in solution (1-
170 kJ/mol compared with 600 kJ/mol for native lysozyme), however for lysozyme 
adsorbed on hematite, the unfolding enthalpy was only about 20% less than for the 
native protein, indicating that the enthalpy of unfolding depends on the adsorbing 
surface. Furthermore for a-lactalbumin the heat released was almost zero when 
adsorbed to either the polystyrene or the hematite surface suggesting complete 
unfolding of the protein on both surfaces. It was suggested that this was due to the 
lower stability of a-Iactoalbumin compared with lysozyme. Feng and Andrade (1994) 
also showed that several proteins adsorbed to pyrolytic carbon no longer show any 
release of heat at the expected transition temperature, suggesting that the carbon 
induces complete unfolding a result consistent with the binding of other proteins to 
this surface. Similar calorimetric methods were employed by Van et al (1995) who 
showed that albumin and lysozyme adsorbed to polystyrene exhibit no unfolding 
enthalpy, while lysozyme adsorbed to a hydrophilic contact lens exhibited about 50% 
of the heat released by the native protein. 
3.1.5.2 Atomic Force Microscopy (AFM) 
Mechanistic aspects of protein adsorption should benefit from developments in 
scanning probe microscopy, AFM, in particular, its potential to yield images of 
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protein molecules while still in contact with the mother solutions. However studies to 
date using the AFM probe have tended to rearrange as well as image the protein 
molecules (Marchant et ai, 1992). Limitations on resolution due to finite radius of 
curvature of the probe tip have also been noted (Eppell et ai, 1993). 
Atomic force microscopy was used to study the adsorption of IgO and glucose oxidase 
(OOx) onto a graphite surface (Cullen & Lowe, 1994). IgO adsorption appeared to 
display nucleation at a number of sites promoting the local binding of further 
molecules resulting in a homologous distribution of adsorbed protein after prolonged 
times. The adsorption of GOx followed a sparser distribution of initial nucleation 
points that promoted rapid local adsorption of further protein resulting in large sheets 
of adsorbed protein. Interpretation of the apparent thickness suggested that IgG is 
adsorbed in its native state while GOx is denatured during the adsorption process. 
A development in the application of AFM is the use of modified probes containing 
ligands that can interact with adsorbed proteins (Lee et ai, 1994; Stuart & Hlady, 
1995). 
More recently, Caruso et al (1998) characterised polyelectrolyte multi-layer films of 
inorganic polymers, fabricated by the sequential adsorption of polyelectrolyte and 
anti-immunoglobulin G on solid substrates using an AFM technique. Visualisation 
showed that either layered or disordered films were formed depending on the number 
of polyelectolyte layers separating each protein layer. One polyelectrolye layer 
between the anti-IgG produced a disordered film structure (useful for sensitive 
applications) whereas five polyelectrolyte layers produced a layered, ordered film 
structure (useful in applications where increased binding is sought). 
3.1.5.3 Infrared Detection 
The technique of Fourier Transform Infrared spectroscopy has been applied 
extensively to the study of both protein structure and surface analysis. This analytical 
technique is discussed in greater detail in section 3.2.4. 
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3.1.5.4 Circular Dichroism (CD) Techniques 
Walton et ai, (1974; 1979; 1980) pioneered the study of protein confonnational 
changes using circular dichroism and fluorescence techniques. 
Circular dichroism provides direct infonnation on surface-adsorbed protein structure. 
Studies carried out with fibrinogen and human clotting factor XII adsorbed onto a 
quartz substrate showed by using circular dichroism that fibrinogen onto quartz does 
not undergo any confonnational change whilst human clotting factor XII suffers a 
major structural change and becomes activated upon adsorption (Walton & Momullin, 
1974). 
Walton & Sondequist (1980) studied the adsorption of albumin, y-globulin and 
fibrinogen onto silica and revealed that that the adsorption process can be 
characterised by three distinct phases: 
i The initial phase in which all adsorption is reversible; 
ii The secondary phase during which time the proteins undergo some 
confonnational change which leads to increased surface interaction; and 
iii The final stage in which the denatured material is slowly desorbed and remains 
denatured. 
It was suggested that it is very unlikely that the final stage ever occurs. The albumin 
and fibrinogen were concluded to have been adsorbed 'side on' whilst the y-globulin 
was adsorbed 'end on'. The surface denaturation of the protein was hypothesised as 
being driven by the need to increase the hydrophobic bonding of the protein with the 
surface and is heavily entropic in nature. 
Tan and Martic (1990) investigated protein adsorption and confonnational change on 
small polymer particles. This study demonstrated that denaturation of the proteins 
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occurred not only for proteins desorbed from the particles but also for those which 
remain adsorbed on the particle surface, in situ. The results suggested that the proteins 
become unfolded upon adsorption onto polystyrene particles and retain their denatured 
state even after desorption. 
Other investigations that gave similar results to Tan and Martic (1990) were those of 
Chan & Brash (1981), Norde et al (1986), (showed that desorbed human plasma 
albumin was found to have a a-helix content lower than that of the native molecule) 
and Kondo et al (1992; 1993) who showed that soft proteins i.e. albumin and 
haemoglobin undergo extensive loss of a-helix upon adsorption while smaller harder 
molecules such as ribonuclease do not. 
3.1.5.5 Fluorescence Techniques 
Total internal reflection fluorescence (TIRF) spectroscopy has been applied by several 
groups to study protein adsorption. The method can easily follow the kinetics of 
adsorption, using proteins labelled with extrinsic fluorophores such as fluoroscein or 
rhodamine or the intrinsic UV fluorescence of tryptophan (TRP) and tyrosine (TYR), 
(Rockhold et ai, 1983). The intrinsic approach has the advantage that the fluorescence 
is sensitive to the external environment of the protein and that no label is required 
which in itself may alter the conformation of the protein. The major disadvantage of 
this method is the photochemical changes that may occur in the presence of UV 
radiation although such changes can be reduced by the use of low light levels. The 
adsorption maximum is between 280-290nm, with the fluorescence maximum ranging 
from 3l5-355nm, depending on the local environment. 
Walton and Maenpa (1979) investigated the adsorption of BSA onto particulates using 
the intrinsic fluorescence of the protein and revealed that considerable fluorescence 
quenching occurred. The study concluded that even at low surface coverage, protein 
molecules were present, adjacent to the surface in a non-adsorbed methonic (loosely 
attached) nature. 
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BSA has been studied adsorbed onto hydrophilic quartz (Andrade et ai, 1984; Hlady 
et ai, 1985). The fluorescence maximum was 342 nm but shifted to 333 nm upon 
adsorption suggesting that the adsorption of BSA onto the silica changes the 
conformation of the molecule such that the two TRP residues are in a more 
hydrophobic environment. It has also been shown that possibly BSA at its isoelectric 
point (pH 4.8) does not experience the same conformational changes as it does away 
from its isoelectric point. 
TIRF was used as a method for probing BSA and y-globulin adsorption onto 
hydrophilic quartz by van Wagen et al (1982) to analyse factors such as interfacial 
shear stress, temperature and buffer properties in relation to protein adsorption. 
3.1.5.6 Immunological Techniques 
Both Vroman & Adams (1986) and Chuang & Andrade (1985) have used the 
immunological route to probe the properties of adsorbed proteins. Chuang & Andrade 
(1985) showed that fibrinogen adsorbed onto Cuprophane surfaces could be measured 
qualitatively using a iodine labelled antifibrinogen Ig085, however fibrinogen 
adsorbed onto polyvinyl chloride was not readily accessible for reaction with the 
labelled antibody. Specific antibodies have been used to probe the structure of 
antigens in solution. Consider the adsorption of a simple protein with a small number 
of reasonably well-defined epitopes (surface sites with antibody binding activity), 
some sites may be made inaccessible for binding after adsorption to a surface. 
Alternatively a conformational change after adsorption to a surface could unmask a 
epitope not normally available, thus an antibody to such an epitope could be raised, 
however it must be noted that antibodies are very large molecules and therefore may 
be sterically unable to bind to an adsorbed protein even if the correct epitopes were 
exposed. Chuang and Andrade (1985) demonstrated that adsorption of prothrombin to 
surfaces such as PVC, induced some conformational change in the macromolecule due 
to the low reactivity exhibited towards a thrombin-specific antibody. A drawback of 
this route is that the antibody may itself be adsorbed to the surface rendering it 
unreactive. 
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Elwing et al (1988) later used hydrophilic and hydrophobic surfaces to study the 
importance of the solid surface wettability for the conformation of adsorbed C3 
molecules. Adsorption of C3 and its subsequent interaction with antibodies was 
measured by enzyme link immunosorbent assay and ellipsometry. Immunochemical 
evidence for conformational changes of the adsorbed C3 molecule was investigated 
with the use of antibodies directed against epitopes hidden in the native molecule. It 
was found that the C3 adsorbed onto hydrophilic surfaces had a conformation 
exposing it to the antigenic epitope that is only accessible in C3 denatured by SDS or 
C3 that has been biologically activated. The adsorption of the C3 to the hydrophilic 
surface produced conformational changes in the C3 molecule that were sufficient to 
activate it. 
3.1.5.7 Ellipsometry 
Ellipsometry is an optical technique in which the change in state of polarisation of 
light reflected from a surface is used to characterise it. Thus ellipsometry is a powerful 
tool in solidlliquid interface analysis. Ellipsometry sees a protein layer on the 
reflecting surface as a distinct optical medium. The method is based on the calculation 
of the optical properties of the reflecting surface, given the change in the state of 
polarisation of the reflected light. Jonsson et aI, (1982) studied the adsorption of 
fibronectin at physiological pH and ionic strength onto silica substrates with differing 
surface energies using in-situ ellipsometry. Increased amounts of protein adsorbed 
onto hydrophobic surfaces compared with hydrophilic ones. Reversibility was also 
very small on the hydrophobic surfaces whilst partial desorption was found on the 
hydrophilic surface. Interaction of antibodies with the preadsorbed protein suggests 
that fibronectin adsorbs in different conformations on the two types of surfaces and 
that the protein adsorbed onto hydrophilic surface was a more native configuration. A 
recent study by Malmsten and Veide (1996) studied the effect of amino acid 
composition on protein adsorption using ellipsometry. These investigators genetically 
modified oligopeptide stretches containing hydrophobic tryptophan or isoleucine. It 
was found that increasing the number of tryptophan residues resulted in increased 
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adsorption. Analogous although smaller effects were obtained for the isoleucine 
derivatised proteins (isoleucine has a hydrophobicity comparable to that of 
tryptophan) The reason for this could be that isoleucine residues are less accessible for 
interaction with the surface due to a larger degree of backfolding. Larger molecules 
adsorb preferentially to smaller molecules due to the smaller loss in transitional and 
conformational entropy upon adsorption. 
3.1.5.8 Other techniques 
An alternative process that has been used to study protein adsorption is X-ray 
Photoelectron Spectroscopy (XPS). Quantification of protein adsorbed onto a mica 
surface was achieved using two methods-energy resolved and angle depth profiling, 
the values from each were very consistent. It was found that the adsorption for BSA 
was not inconsistent with that of a monolayer of protein molecules in their native 
configuration (Fitzpatrick et ai, 1992). Salaneck et al (1985) investigated the 
adsorption of glycine molecules onto a graphite surface using a form of angular 
dependent XPS or ESCA (electron spectroscopy) and found that a stable double layer 
was formed after the evaporation of ethanol. The structure of the glycine on the 
graphite was consistent with that of crystalline 13-glycine. 
Adsorption may lead to an increase or decrease in titratable groups, titration data can 
thus be interpreted in terms of conformational changes. Norde and Lyklema (1978) 
investigated this area and found that the titration behaviour supports the fact that 
RNase adsorbs without conspicuous structural change whereas human plasma albumin 
molecules undergo substantial structural alterations, the more the pH moves away 
from the isoelectric point of the protein in solution. 
Another method of determining if the protein has undergone some conformational 
change once adsorbed onto a surface was to measure the activity of an enzyme 
adsorbed onto a surface (Sandwick & Schray, 1988). Four enzymes were used; horse 
radish peroxidase, alkaline phosphatase, catalase and 13-galactosidase. It was found 
that at low enzyme concentrations the enzyme adsorbs and is subsequently altered in 
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conformation while at high concentrations the enzymes tend to be adsorbed in their 
native active forms. 
3.1.6 Studies into the external microenvironment of the protein 
Many experiments have been carried out to determine the influence of the 
composition of the solution such as pH, ionic strength or protein conformation. 
Chan and Brash (1981 b) studied the interactions of fibrinogen on borosilicate glass 
using a radio-labelling technique. It was found that by increasing the NaCl or Tris 
concentration the adsorption decreases. There was no desorption into the buffer but it 
does take place into solutions of increased Tris concentration, providing evidence of 
inherent reversibility. These results also suggested that gross conformational change 
in the adsorbed protein is not a general phenomenon however each protein-surface 
combination must be studied individually. 
The studies of Norde and Lyklema (l978b) into the effect of ionic strength and pH 
onto the adsorption isotherms of human plasma albumin (HP A) and bovine pancreas 
ribonuclease (RNase) onto negatively charged polystyrene surfaces found that HPA 
adsorption plateau values are symmetrical around its isoelectric point, however RNase 
showed little sensitivity to pH. The pronounced differences in the adsorption 
behaviour of these two proteins was attributed to the relatively easy adaptability of 
HPA molecules to changing conditions compared with the great conformational 
stability of RNase so the adsorption reflects the structural coherence of the dissolved 
protein. An increase in ionic strength shows that the electrolyte influences protein 
adsorption by affecting the conformational stability of the HP A however had little 
effect on the RNase. 
3.1.7 Conclusion 
The literature regarding protein adsorption at solid-liquid interfaces is extensive. 
However few of the protein adsorption studies have been applied to synthetic polymer 
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membranes, which is an important phenomenon occurring in the fouling of 
membranes during industrial processing. Every protein - surface interaction must be 
investigated as results from every configuration may be different. 
Many of these investigations have determined structural changes occurring within the 
protein molecule upon adsorption. It is known that the disulphide bridges perform an 
important role in maintaining the integral conformation of the protein structure so that 
if proteins do undergo a conformational change upon adsorption to the surface of an 
ultrafiltration membrane is it to such an extent as to induce cleavage of the disulphide 
bridge to the reduction product of two free thiol residues? 
The adsorption of proteins to ultrafiltration membranes has been investigated in 
relation to membrane characteristics and found to be related to the surface 
characteristics of the membrane namely the surface hydrophobicity. It is considered 
that this area of research would benefit by attempting to relate protein adsorption to 
structural properties of the protein molecule and its extent of adsorption onto 
membrane surfaces. 
In addition, the research topic of protein adsorption onto ultrafiltration membranes 
would benefit from studies into the biochemical nature of the adsorbing proteins. 
Efforts to reduce protein fouling have, to date, focussed predominantly on the 
production of a fouling resistant membrane material, a somewhat empirical approach 
rather than one based on the mechanics of protein adsorption. 
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3.2 Background information regarding the techniques to be used in this 
investigation 
3.2.1 Protein quantification using the Lowry Assay 
In order to study the adsorption of proteins onto ultrafiltration membranes, the amount 
of protein adsorbed needs to be quantified. The Lowry assay will be used to perform 
this task. 
• 3.2.1.1 Background and theory 
The Lowry assay is based on a method described by Folin and Ciocalteu (1927) and 
developed by Lowry et al (1951). It enables the measurement of protein by a 
quantitative colorimetric reaction. The assay is simple, quick (results can be obtained 
in an hour), precise and sensitive and thus has become a popular choice in the 
quantification of proteins and enzymes in biochemical research. 
The method consists of two distinct observable steps: 
1. A copper complex reacts with tyrosine and tryptophan to give a violet colour in 
alkaline solution. The reaction is complete within ten minutes at room 
temperature. 
2. The copper-protein complex then reduces a phosphomolybdate-phosphotungstate 
reagent (Folin-Ciocalteu Phenol Reagent) to yield an intense blue colour. 
Maximum colour formation forms at pH 10. Sodium carbonate/sodium hydroxide 
is used to buffer the reaction as acid is produced on the addition of the Folin 
Reagent. 
The Folin reagent is only stable under acidic conditions and thus on addition to the 
alkaline copper-protein solution starts to break down thus mixing must be immediate. 
At room temperature, the blue colour continues to develop for up to 30 minutes after 
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the initial mixing stage due to the rearrangement of the primary reduction product 
causing a change in shape of the adsorption spectrum. Modifications of the original 
method as described by Lowry et al (1951) have been proposed by Miller (1959) and 
SchacterIe and Pollack (1973) amongst others, all with the intention of simplifying the 
original procedure. 
The Lowry assay, although more sensitive than other methods of protein 
quantification such as the ninhydrin reaction (Consden et ai, 1944), measurement of 
the adsorption of a solution at 280 nm (Layne, 1957) or the Biuret reaction (Gomall et 
ai, 1949), has the following disadvantages: 
1. The colour intensity of the reaction product varies with different proteins (Lowry et 
ai, 1951) due to the differing quantities of tyrosine and tryptophan residues. The 
preparation of calibration curves for each specific protein will overcome this problem. 
2. Colour production was found not to be strictly proportional to the protein 
concentration (Lowry et ai, 1951; Pace et ai, 1974). The standard curves fall below 
linearity even though the reaction follows the Beer-Lambert law quite closely. The 
decreased colour yield has been explained by the protein-copper complex systems 
acting in equilibrium and subsequently obeying the Mass Action Law (Strickland et 
ai, 1961), or by the destruction of the active Folin reagent in the alkaline conditions. A 
log-log plot of protein concentration versus absorption was shown to produce a 
straight line thus overcoming this problem (Bates and McAllister, 1974; Stauffer, 
1975). 
3. The reaction was found to be susceptible to interference from substances commonly 
used in biochemical applications (Pace et ai, 1974; Bensadoun & Weinstein, 1976). 
The use of a blank was not always found to account for these interferences and thus 
the use of protein precipitation was proposed (Bensadoun and Weinstein, 1976). An 
additional advantage from the removal of interfering substances allows the analysis of 
very dilute solutions «1 Jlglrnl). 
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Peterson (1977) took into account the observations from the previous investigations 
and produced a simplified and more generally applicable method of the Lowry assay. 
Based on this method, Lockley et al (1988) applied the method to the quantification of 
BSA and Bovine Plasma adsorbed onto ultrafiltration membranes and it is upon this 
method that much of the quantification of adsorbed protein wiIl be based. 
3.2.2 Determination of thiol groups (·SH) in proteins 
Numerous investigations have indicated that protein molecules undergo a 
conformational change during adsorption onto surfaces (Walton & Sonderquist 1980; 
Steadman et ai, 1991; Yan et ai, 1995). The cystine group, a covalent bond formed 
from the oxidation of two cysteine residues, contributes readily to the integrity of the 
protein molecule. It could be hypothesised that if conformational changes do occur 
within the protein molecule upon adsorption, is it to such an extent that the disulphide 
bridge is broken during the adsorption process? How could this hypothesis be tested? 
One method would be to measure the free cysteine residues of the protein molecule 
prior to and after adsorption (as the oxidation reaction is reversible, Section 2.4, 
Figure 10) and compare the results. An increase in free cysteine residues after 
adsorption would suggest cleavage of the disulphide bond during the adsorption 
process. Methods of thiol group determination in biological molecules have been 
reviewed and are presented in the following section. 
3.2.2.1 A review of thiol group chemistry 
Several reviews are available on the methodology regarding thiol determination 
(Chinard & Hellerman, 1954; Benesch and Benesch, 1962; Jocelyn, 1972; Friedman, 
1973; Fontana & Toniolo, 1974; Kenyon & Bruce, 1977; Torchinskii, 1981). This 
section aims to assess the viability of each method in the quantification of the number 
of moles of SHlmole of protein adsorbed onto membranes containing approximately 
0.01 % (w/v) protein with a thiol concentration of the order 1 nmol. 
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Due to the highly reactive nature of the thiol group, numerous methods exist which 
can be applied to the task of determining the quantity of thiol group in a protein 
solution and so there exists an extensive literature detailing these methods and their 
applications. However the specificity, sensitivity and accuracy of these methods 
differs greatly. The purpose of this section is to organise and evaluate the literature 
available to enable a recommendation to be made on the method to be used for 
determining the low concentration of thiol groups in a protein solution after adsorption 
onto a membrane. 
1. UVlVisible Spectroscopic Methods 
The SH group of proteins has two main reactive properties, namely its ability for 
oxidation or substitution. 
a) ThiolOxidation 
Oxidising agents may be of use as analytical reagents as long as they do not oxidise 
the thiols further than disulphides. The class of compounds that satisfy this criterion 
are the aromatic disulphides. Aromatic disulphides are the most popular reagents for 
thiol determination due to their ability to be reduced by thiol-disulphide exchange 
according to a general reaction shown in Equation 2. A more detailed reaction is 
shown in Figure 11. 
ArSSAr + 2RS· --~) RSSR + Eqn.2 
i. DTNB (5,5-dithiobis(2-nitrobenzoic acid» 
Ellman (1959) introduced by far the most popular thiol reagent. He used DTNB to 
measure the thiol concentration of protein solutions using the absorbance of the 
yellow coloured product at 412nm which is stoichiometrically equivalent to the 
number of thiol groups reacted. A 1 % (approx. 15nmollmI) BSA solution was 
analysed and found to contain 0.36mole SH I mole protein, the colour being 
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developed in 15 minutes. The product formed had an extinction coefficient ranging 
from 13600 - 14150 M'! cm'! (Riddles et ai, 1979), at 412nm. Jocelyn (1962) later 
modified the method of Ellman by decreasing the operating pH and found that the SH 
content of BSA rose to 0.6 mole SH I mole of protein. The disadvantage of the method 
is that prolonged incubation can lead to auto-oxidation of the coloured product 
(Torchinskii 1981). 
0,1< WS.S-<Q(-No, + RSH 
Ho,C HO,C 
1 
RS.s-<Q(- NO, + 
Ho,C 
Coloured TNB 
Figure 11: Reaction schematic of the Ellman Assay 
Many investigators have applied the use of Ellmans reagent in the determination of 
thiol groups in protein solutions. Beveridge et al (1974) used the original technique 
developed by Ellman (1959), to determine the thiol groups in proteins such as egg 
white, casein and flour whey. Other studies involving the application of this reagent 
include Sedlak and Lindsay, (1968); Riddles et ai, (1983) and Singh et al (1993). 
ii. 2-2' dithiopyridine (2,2'-DTP) & 4-4' dithiopyridine (4,4'-DTP) 
Grassetti et al (1967), used these reagents in the metabolism of Ehrlichascite tumour 
cells. The reaction was followed spectroscopically, the extinction coefficient of the 
products being 7060 M'! cm'! at 343nm and 19800 M'! cm'! at 324 nm. Hence the 
reaction of 4,4'-DTP is almost 1.5 times more sensitive than Ellmans reagent, 
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however the wavelength used is near to the maximum absorbance of reduced 
nicotinamide nucleotides which may cause interference (Joyceln, 1987). 
iii DSNB (6,6' -Diselenobis-3-Nitrobenzoic Acid) 
This reagent was synthesised by Luthra et al (1981) and is the selenium analogue of 
Ellmans reagent, which was found to react specifically and quantitatively with the 
thiol groups of proteins. The coloured product, SNB2., has a molar absorbtivity of 
10000 M'! cm'! thus this reagent is slightly less sensitive than Ellmans reagent. The 
advantage of this reagent is that it can be used effectively at pH values above those of 
DTNB. 
iv NTNB (5 Nitrosothio-2-nitrobenzoate) 
A relatively new reagent developed for the determination of thiol groups in proteins 
by Studebaker et al (1996). NTNB is the nitrosthiol analogue of DTNB, the strong 
yellow colour of the TNB dianion being produced on reaction with thiol groups. Like 
DTNB the dianion production has its maximum absorption at 4l2nm with an 
extinction coefficient of 13600 M'! cm'!. This reagent shows no advantages over 
DTNB but has the disadvantage that it is unstable at room temperature. 
v An amplified thio! assay based on reactivation of papain 
In this assay, which is based on a method reported by Singh et al (1993), thiols or 
inorganic sulphides reduce a disulphide-inhibited derivative of papain, 
stoichiometrically releasing the active enzyme (Figure 12). Cystamine was used in the 
reaction to allow the detection of masked or poorly accessible thiol groups due to the 
reaction of the disulphide bridge with the thiol group to yield 2-mercaptoethylamine 
(cysteamine), which then was able to react with the active papain (Figure 13). 
The activity of the enzyme was measured using the chromogenic papain substrate, N-
benzoyl-L-arginine, p-nitroanilide (L-BAPNA) (Figure 14). The enzyme amplification 
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step in this method enables thiol concentration of 0.2 J.1M thiol - a sensitivity that is 
around 100 fold greater than that of DTNB. 
I PAPAIN I S-S-CH3 + R-SH .--.----.:;;.1 PAPAIN 1 .! "') -SH + R-S-S-CH3 
Inactive Active 
Figure 12: The inactive disulphide derivative of papain, papain-SSCH3 is activated in 
the presence of thiols. 
I Protein ~SH + SI -CHzCHzNHz ~'--'---~ ~ ~ ) ~-S-S-CHzCHzNHz + HS-CHzCHzNH2 
S-CH2CH2NH2 
Cystamine 
Cysteamine 
Figure 13: Protein thiols, which are often inaccessible, exchange with cystamine to 
generate cysteamine, which is more easily detected. 
NH2 
I '" C:=NH2Cr 
I 
NH 
I 
(CH2)3 O-W-NH?H-~-N-ON02 
o H 0 -
NH2 
I '" 
C:=NHzCr 
I 
NH 
I 
(CH2h 
( )-C-NH~H-COH 
11 I 11 
- 0 H 0 
Colourless 
~ + I PAPAIN I-SH 
+ H2N-( )-N02 
Coloured 
Figure 14: Active papain cleaves the substrate L-BAPNA releasing the p-nitroaniline 
chromophore. 
L M. Ayre. Ph.D. Thesis 53 
Chapter 3: Literature Survey 
Organic oxidants formed the early thiol reagents, however they lack the specificity of 
the aromatic disulphides and included iodobenzoic acid (Jocelyn, 1987), 
diphenylpicrylphenylhydrazine (Klouwen, 1962) and 4,4' -Bisdimethylamino-
diphenyicarbinol (BDC) (Rohrbach et ai, 1973) 
Inorganic oxidants have also been used in the determination of thiol groups and 
include, nitroprusside (Grunnerts & Phillips, 1951), and ferricyanide (Joyceln, 1987) 
b) ThioI Substitution 
Reagents which undergo a thiol substitution type reaction for thiol determination 
include mercurials (Boyer, 1954), Nitrous Acid (Saville, 1958; Todd & Gronow, 
1969), Mercury Orange (Sakai, 1968). 
Other methods of thiol determination in protein chemistry include fluorescence 
methods and amperometric titration but as these reagents cannot be used in 
conjunction with the membranes they will not be discussed further within the context 
of this investigation. 
3.2.2.2 Recommendations 
Numerous reagents exist that could be used to quantify the sulphydryl groups present 
in a protein molecule, however not all are specific in reaction with this group and 
others are of very low sensitivity. From the literature available, the fluorogenic 
reagents offer the greatest specificity and can detect thiol levels in solution to the 
picomole level. Although the thiol concentration of a protein solution could be 
determined, the membrane would interfere in the determination of thiol content in 
adsorbed protein. 
The less sensitive, Ellmans reagent (DTNB) allows both thiol determination in protein 
solutions and protein adsorbed onto the membrane. 
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An alternative, less well documented method that may be used for the purpose of 
quantifying the thiol groups in proteins both in solution and when adsorbed onto 
ultrafiltration membranes is that of Singh et al (1993) employing the use of a 
deactivated form of papain. 
It is these two methods that will be applied in this investigation to determine the thiol 
content of protein solutions and adsorbed protein. 
3.2.3 Determination of protein surface hydrophohicity 
3.2.3.1 Introduction 
The term 'lyophobic' is used to describe a solute that has little or no affinity for the 
solvent medium in which it is present; thus 'hydrophobic' is used for the case in 
which water is the solvent. In 1959 Kauzmann introduced a new concept of entropy 
driven forces to describe protein hydrophobicity, progressing the previous explanation 
of Linderstrom-Lang in 1951 and delegating the involvement of van der Waals forces 
to a minor role. The theory behind the definition of a hydrophobic interaction as an 
entropy driven force is that the hydrophobic effect is only the result of the phobia of 
water from contact with hydrocarbons. It does not account for the affinity between 
non-polar side chains through van der Waals forces, therefore the presence of water is 
paramount if the hydrophobic effect is active. van Oss (1992) proposed an alternative 
explanation for hydrophobic affinity in that it is attraction in aqueous solution between 
macromolecules, by which more hydrophobic sites preferentially interact with one 
another as they become closer. The most popular definition of protein hydrophobicity 
is based on the sum or average hydrophobicity of its constituent amino acids 
expressed as free energy transfer from water to ethanol. 
It is well understood that hydrophobicity, especially the surface or effective 
hydrophobicity, of a protein plays an important role in the functionality of proteins 
(Nakai et ai, 1986; Tsutsui et ai, 1986) such as emulsification, foaming and 
gelatination. Interest in the hydrophobicity of proteins is focussed on its contribution 
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to the stabilisation of the molecular structure of native proteins and in the mechanism 
of molecular folding. Nonnally, to achieve minimum free energy in the folding of 
macromolecules, the non-polar or hydrophobic groups are orientated towards the 
interior of the molecule, thus hidden from the solvent water molecules. However, 
crystallographic studies of the three dimensional structure of protein molecules have 
revealed that many hydrophobic sites are at least partially exposed on the surface of 
protein molecules. These sites may play an important role in intennolecular 
interactions, such as protein-protein interaction or protein lipid interactions. 
Surface hydrophobicity of a protein molecule is a broad tenn in that it may not be a 
true representation of the degree of exposure of hydrophobic side chains of individual 
amino acid residues in protein molecules. 
It has been found in numerous investigations that the hydrophobicity of the adsorbing 
surface greatly affects the quantity of protein adsorbed onto it. A greater quantity of 
protein adsorbs to hydrophobic materials than hydrophilic materials and that the 
hydrophobic characteristics of the surface affect the degree of confonnational change 
in the protein molecule upon adsorption (Lu and Park, 1991; Weigert & Sara, 1996). 
It could be that the surface hydrophobicity of a protein molecule might be related to 
the degree of adsorption onto a membrane surface. It is the surface groups that are the 
fIrst to come into contact with the membrane surface and therefore must be involved 
in the initial adsorption process. To investigate this theory, the surface hydrophobicity 
of the proteins could be measured in an attempt to establish a relationship with the 
amount of protein adsorbed onto membrane surfaces. 
3.2.3.2 Measurement of surface bydropbobicity 
Measurement of surface hydrophobicity is still quite controversial and as yet no 
standard method has been established. The following section details briefly the 
methods that have been used in its determination. 
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1. Hydrophobicity 'Scales' 
Proteins are composed of twenty amino acids and numerous scales have been 
proposed to assess their relative hydrophobicities. These scales have been classified 
into: 
a) Those based on the solubility behaviour in solvents of differing polarities. This 
has been achieved using the relative retention times of amino acids and peptides 
during reverse phase chromatography (Wilson et ai, 1981). 
b) Those calculated from crystallographic or other structural data of the location of 
the amino acid in a molecular structure, assuming a hydrophobic amino acid is 
located in the interior (Chothia, 1984; Lesser & Rose, 1990). 
c) A scale that incorporated both classifications was that of Kyte & Doolittle (1982). 
Using the hydrophobicity scales of the constituent amino acids, many approaches have 
been proposed for calculating the hydrophobicity of a protein. Bigelow (1967) 
calculated the average hydrophobicity value of proteins based on Tanford's scale for 
free energy transfer of an amino acid side chain from an organic to an aqueous 
environment. The disadvantage of applying a hydrophobicity scale to calculate 
corresponding hydrophobicity values for proteins is the lack of consideration of the 
effect of the three dimensional structure of the individual protein on the extent of 
exposure of the residues. 
2. Partition in aqueous two-phase systems 
The polarity of a solute may be determined by assessing its distribution between water 
and a water immiscible solvent such as dextran and polyethylene glycol (PEG) and a 
salt such as potassium sulphate (Shanbhag and Axelsson, 1975). Other aqueous two-
phase systems have included mixtures of detergents such as Triton X-lOO, Triton X-
114 and Triton X-45 (Ganong & Delmore, 1991) .. 
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3. High performance liquid chromatography (HPLC) 
The retention time of solutes during chromatography has been used as an indication of 
hydrophobicity. According to Melander and Horvath (1977), the retention time of 
peptides depended mainly on their non-polar and polar surfaces. This has been shown 
for the behaviour of small peptides (Wilson et al, 1981) however, the chromatographic 
behaviour of proteins is not always predictable. Denaturation of the protein may occur 
in the harsh solvent conditions required for reverse phase chromatography. 
4. Binding Methods 
This method involves measuring the binding of a non-polar or hydrophobic ligand to a 
protein as a measure of protein hydrophobicity. Ligands used for this purpose include 
aliphatic and aromatic hydrocarbons (Mohammadzadeh et al, 1969a; b), sodium 
dodecylsulphate (Kato, et al, 1984), simple triglycerides, (Smith et al, 1983) and corn 
oil (Tsutsui et al, 1986). 
5. Contact angle 
The contact angle of droplets of three well-characterised liquids (e.g. water, glycerol 
and a-bromonaphthalene) on a flat layer of protein are measured. Based on Young's 
equation (Eqn. 3) and the known surface tensions of the three liquids, the contact 
angles are used to calculate the contributions from Lifshitz-van der Waals and Lewis 
acid-base interactions to the surface tensions of the liquids on the layered protein. 
Where: 
Ysv is the interfacial tension between the solid (S) and vapour (V). 
Ysds the interfacial tension between the solid (S) and liquid (L). 
"fLv is the interfacial tension between the liquid (L) and vapour (V). 
(J is the advancing contact angle of drops of liquid on a flat surface. 
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This method has been used to find values for native hydrated proteins using only 
saline, the results compared well with the hydrophobicity of proteins found using the 
relative retention times in hydrophobic chromatography (van Oss et ai, 1981). 
6. Intrinsic fluorescence 
The intrinsic fluorescence of a protein is attributed mainly to the aromatic amino acid 
residues of tryptophan, tyrosine and phenylalanine. Three classes of tryptophan 
residue have been reported; those that are completely buried in non-polar regions of 
the molecule, those that are completely exposed to the solvent water and those that 
have limited contact with the water but are immobilised on the protein surface. Each 
class of tryptophan residue has its own characteristic maximum emission wavelength 
(Burstein et ai, 1973). Measurement of intrinsic fluorescence could therefore be used 
to measure the position of the aromatic amino acid residues and their interactions with 
other molecules. In practice, it may be difficult to relate this information to the 
hydrophobicity of a protein as the fluorescent characteristics may be changed by 
general changes in conformation of the protein. 
6. Fluorescent probes 
Fluorescent probes for which the wavelength of maximum emission depended upon 
the polarity of the environment have been used to assess the hydrophobic or non-polar 
nature of proteins. These have included the anionic probes of the aromatic sulphonic 
acids such as l-anilinonapthalene-8-sulfonate (1,8-ANS). These compounds have high 
quantum yields in organic solvents but not in water thus they fluoresce when bound to 
hydrophobic sites in many proteins (Weber & Young, 1964; Stryer, 1965). 
An alternative group of anionic probes is that of the fatty acid analogue group which 
includes cis-parinaric acid (CPA). This group are some of the few non-aromatic 
fluorophores known, and thus are non-fluorescent in water and have good Stokes' 
shift. These are both ideal characteristics for the use of these compounds in probing 
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the hydrophobic regions of proteins, especially those that may be associated with lipid 
binding. (Kato & Nakai, 1980). 
A disadvantage of using anionic probes to determine protein hydrophobicity is that 
electrostatic as well as hydrophobic interactions may contribute to the reaction with 
the probes. 
7. Other methods 
Useful information regarding the protein structure and the micro-environment of its 
constituent amino acids may be provided by spectroscopic methods such as, circular 
dichroism, optical rotary dispersion, nuclear magnetic resonance, infrared and laser 
Raman spectroscopy. However each method has its own advantages and limitations 
and generally there are no specific rules in the interpretation of spectral data in terms 
of the secondary or tertiary structure of the protein or its electrostatic or hydrophobic 
interactions. 
3.2.3.3 Recommendations 
It was decided to use the hydrophobic fluorescent probe 1,8-ANS to measure the 
surface hydrophobicity of proteins. This probe has been used by numerous 
investigators for this application (Cheung & Morales, 1969; Bonomi et ai, 1988; 
Cardamone & Puri, 1992). 
Li-Chan, (1991) compiled a comparison of results of protein hydrophobicity measured 
using some of the methods described previously. It was seen that there was good 
correlation between the triglyceride binding capacity and CPA method and the 
heptane binding capacity. A significant correlation is also observed between the CPA 
and hydrophobic interaction chromatography. It would seem that the triglyceride 
binding method would be a reasonable selection to give a good indication of protein 
surface hydrophobicity, however, CPA or the ANS binding methods would be suitable 
alternatives due to the simplicity in their analytical procedures. The use of CPA below 
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pH 5.0 is not recommended due to the change in quantum yield of CPA when 
protonated, thus it was decided that ANS should be used to measure the 
hydrophobicity of the proteins. 
3.2.3.4 The fluorescent probe: 1,S-ANS 
Fluorescent probes are compounds that undergo changes in one or more of their 
fluorescent properties as a result of non-covalent interactions with proteins or other 
macromolecules (Fildes et ai, 1954). 1,8-ANS is non-fluorescent in aqueous solution 
but becomes brightly fluorescent when adsorbed onto protein molecules such as serum 
albumin or heat denatured proteins (Weber & Laurence, 1954). Its structure is given in 
Figure 15 (Ede1man & McClure, 1968). Characteristics of this probe such as quantum 
yield, are influenced by solvent conditions and the local environment of the 
macromolecule, and for this reason, it can be used to detect conformational changes in 
proteins. 
Figure 15: Structure of 1,8-ANS 
The mechanism by which the fluorescence of these molecules is changed is not fully 
understood; some insight is provided in finding that 1,8-ANS fluoresces more strongly 
in non-polar solvents than in polar solvents. This evidence suggests that it is a 
hydrophobic probe, i.e. the fluorescence is dependent on the polarity of the solvent 
environment. Investigations with proteins has provided further evidence that 1,8-ANS 
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is a hydrophobic probe. Denatured proteins, in which the hydrophobic sites have been 
exposed to a solvent, enhance the fluorescence of the 1,8-ANS to a greater extent than 
in their native forms. BSA, known to have hydrophobic binding sites, is also found to 
enhance fluorescence to a greater degree than other proteins such as lysozyme and 
ovalbumin (FiIdes et ai, 1954). All three proteins are to be used in this investigation. 
Greater evidence is provided by results from the study of Stryer (1965). It was found 
that 1,8-ANS bound to the heme crevice of haemoglobin and myoglobin with an 
increase in quantum yield determined to be close to one. 
Various conformational changes have been detected with the hydrophobic fluorescent 
probe 1,8-ANS. A native protein structure is stabilised by a number of side chain 
interactions such as hydrogen bonds, covalent bonds (sulphur-sulphur linkages), 
hydrophobic interactions and electrostatic interactions. Disturbance of these 
interactions by external surface forces, solvent changes or heat, denatured the protein 
altering its tertiary structure and rendered some or all of its hydrophobic groups 
exposed. Thus the unfolding process of a protein, in theory, may be followed using 
1,8-ANS. 
Variations in shape, size or composition of the hydrophobic binding sites of different 
proteins may affect the interaction with the probes and thus result in differences in 
fluorescence. It was found that BSA bound to five molecules of 1,8-ANS (Weber & 
Young, 1964) whereas liver alcohol dehydrogenase bound to two molecules of the 
same compound (Ede1man & McClure, 1968). 
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3.2.4 The use of infrared analysis in the study of protein structure both in the 
solid state and when adsorbed onto ultrafiltration membranes 
3.2.4.1 Background and theory 
Infrared spectroscopy is one of the oldest and most widely used analytical techniques. 
IR spectra provide information on the vibrational structure of molecules. Generally the 
infrared spectrum provides a rich array of absorption bands, many of which cannot be 
assigned accurately; however those which can, provide a wealth of structural 
information about a molecule. 
In conventional dispersive IR instruments, a grating or prism disperses a collimated 
beam of infrared light onto a slit that effectively blocks all but a narrow range of 
frequencies from reaching the detector. By continuously changing the angle of the 
grating, with respect to the incident light beam a complete spectrum can be scanned. 
Unlike dispersive IR where the intensity of the transmitted IR radiation is directly 
detected as a function of the frequency, an Fr -IR spectrometer detects the intensity of 
the transmitted radiation as a function of the mirror displacement, which can be 
translated as a function of time. This allows the observation of an interferogram, 
which is later converted into the IR spectrum using the mathematical operation called 
a Fourier Transformation, and the entire frequency range can be monitored at any 
time. The use of the interferometric method rather than dispersive devices results in a 
higher energy throughput within the instrument. Fr-IR provides several advantages 
over conventional dispersive instruments in that: 
1. As the throughput of incident light is not slit limited, Fr -IR instruments are more 
sensitive than dispersive instruments and for a given source, more energy will 
reach the detector resulting in a higher signal! noise ratio. 
2. FrIR instruments simultaneously encode all spectral frequencies to give a 
complete spectrum in a matter of seconds and the rapidly occurring changes may 
be monitored easily. 
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3. As such good signal / noise ratios and high wavenumber precision are possible, the 
Ff -JR spectra can be manipulated easily. This facilitates such mathematical 
operations as, measurement of peak maxima, spectral subtraction, calculation of 
second derivatives and Fourier self-deconvolution, and curve fitting. 
A number of review articles have been published on Ff-JR spectroscopy (Koenig 
1983; Griffiths & Haseth 1986). 
3.2.4.2 Experimental Techniques in FI'-IR 
Figure 16 shows diagrams of the various sampling techniques used in infrared studies 
of proteins and are discussed below. 
1. Transmission Spectroscopy 
Transmission Ff-JR commonly involves the preparation of a KEr micro-disk 
containing micro quantities of the sample. Light is directed onto the KEr disk, some is 
absorbed and the remainder is transmitted through the sample and is directed to the 
detector and hence the Ff -JR spectrum of the sample is obtained. 
2. Diffuse Reflectance Spectroscopy (DRJFI') 
DRIFf is an ideal technique for measuring the JR spectra of solid particles. The 
method uses a near normal angle of incidence, however the rough surface of the 
powder transmits and reflect infrared radiation in random directions. As a result the 
initial, narrow spread of the incident beam widens and a spherical or ellipsoidal mirror 
collects the scattered radiation. DRIFf signals are strongly influenced by particle size 
and shape as the radiation scattering properties are affected. 
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3. Attenuated total reflectance (ATR) spectroscopy 
In ATR Ff -JR, the sample under investigation is placed in a cell in contact with a 
crystal, such that when an infrared beam is shone through the crystal, total internal 
reflection takes place at each contact with the crystal / sample interface. Each time a 
small amount of energy is lost to the sample in the form of a rapidly decaying 
evanescent standing wave. The spectrum results from the loss of the infrared 
frequencies absorbed by materials within the range of this evanescent wave. 
Incident 
beam 
(I) 
Sample cell 
a) Transmission Spectroscopy 
I 
Transmitted 
Radiation 
(R) 
I 
b) Diffuse reflectance: the 
scattered light is collected by 
mirrors and directed to the 
detector 
R 
c) Multiple attenuated total reflection 
Figure 16: Various sampling techniques used in infrared studies of proteins. 
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3.2.4.3 Infrared spectroscopy applied to biological samples 
Infrared spectroscopy constitutes one of the oldest methods for studying the secondary 
structure of polypeptides and proteins. Elliott and Ambrose (1950) showed that the 
Amide I band is observed around 1650-1660 cm-! for a helical conformations and 
1630-1640 cm-! for f3 strands. 
Beer et ai, (1959) produced a list of proteins studied, along with the characteristic 
adsorption bands. Barnford et al (1959) reviewed work done to 1956 in the region 
between 5000 and 4500 cm-I, a combination band of the N-H stretching frequency, 
and that of the amide I or amide IT band. More recently, Haris and Chapman (1992) 
published a useful review of Ff -IR spectroscopy in protein structure determination in 
which they concluded that the technique was a useful tool for characterising the 
secondary structures of proteins. They summarised the literature to date, in that a band 
at 1636 cm-I indicated a predominantly f3-sheet structure as well as by minor bands at 
1628 cm-I and 1692 cm-I. The latter band reflects the presence of anti-parallel f3-sheet 
structure, whilst the band at 1655 cm-I demonstrates the existence of a-helical or 
random coil structures. The existence of turn type structures is supported by the 
component at 1674 cm-I (Heaton et ai, 1995). 
The IR spectrum of a protein is characterised by a set of absorption regions known as 
the amide modes. These amide bands that arise from the vibration of the peptide 
groups provide information on the secondary structure of polypeptides and proteins. 
The main infrared bands of a protein are the amide I, II and III regions, centred on 
1650, 1550 and 1350-1200 cm-! respectively. The amide bands are composite, 
primarily associated with the stretching vibrations of the C=O bond coupled to the in 
plane N-H bending and the C-N stretching modes (Surewicz & Mantsch, 1988). 
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1. The amide I band 
The amide I band arises principally from the c=o stretching of the peptide bond 
group. Both theoretical and experimental studies have shown that there is good 
correlation between the amide I band frequency and the type of secondary structure 
present (Miyazawa et ai, 1960; Krimm, 1962; Krimm & Bandekar, 1986; Susi & 
Byler, 1986; Pribic et ai, 1993). 
2. The amide 11 band 
The amide 11 band is primarily associated with the N-H bending with a contribution 
from C-N stretching vibrations. This correlation is further supported by studies on a 
range of soluble proteins (Susi & Byler, 1986; Surewicz & Mantsch, 1988). The 
amide 11 band is normally used to quantify protein as it is relatively insensitive to 
conformational changes but also has less interference by the water absorption band 
(Jackson et ai, 1989). 
The frequencies of the bond vibrations are affected by hydrogen bonding in the 
sample and the conformation of the protein. The individual absorbance frequencies of 
the amide bands are not normally resolvable, as their inherent widths are greater than 
the instrument resolution. Modem day technology has enabled resolution of 
absorbance bands by using resolution enhancement techniques such as Fourier Self 
Deconvolution (Purcell & Susi, 1984; Yang et ai, 1985), or Second Derivative 
Spectroscopy (Susi & Byler; 1983; Purcell & Susi, 1984; Lee et ai, 1985; Surewicz & 
Mantsch, 1988; Kumosinski & Farrell, 1993). 
A critical step in the interpretation of infrared spectra of proteins is the assignment of 
the amide I component bands to different types of secondary structure. Torii & 
Tasumi (1992) demonstrated that the spectral contributions of structural elements 
other than ()( helices and ~ sheets were spread over a wide wave number region. 
Amide bands centred approximately between 1650 and 1658 cm· l are generally 
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considered to be characteristic of a helical structures, supported by theoretical 
calculations and experiments with a large number of a helical peptides and proteins. A 
complication associated with the uniqueness of the assignment of a helical bands was 
presented by the observation that for a small number of proteins, known largely to 
consist of a helices, the peak of the amide I band is centred somewhat below 1650 
cm·1 (Trewhella et ai, 1989; Jackson et ai, 1991). This was attributed to unusual 
protein-solvent interactions. Amide groups comprising of mainly ~ sheets gave rise to 
highly diagnostic bands between 1620-1640 cm·1 (Krimm & Bandekar, 1986; Susi & 
Byler, 1986). 
Havel et al (1989) examined protein structure in freeze dried solids, aqueous 
solutions, compressed pellets and oil suspensions with sampling techniques such as 
transmittance, internal and external reflection. Results indicated that the secondary 
structure of bovine growth hormone remains unchanged except with aqueous solution, 
which showed structural rearrangement of the amino acid as well as strong hydrogen 
bonding with the water. Vibrational bands that are characteristic of secondary 
structure involve the vibrations of the amide linkage and are known as amide I (1700-
1620cm-I), amide 11 (1580-1520cm· l ) amide III (1350-1220cm-l ) bands. Carbonyl 
vibrations also exist in the amide I region. 
Costantino et al (1997) found, using the FTIR technique, that freeze dried proteins 
exhibited a pH memory, i.e. their behaviour in the solid form corresponded to that of 
the aqueous solution from which they were obtained. Protein FTIR spectra in both 
solution and solid state were obtained and compared. All spectra were analysed using 
second derivatisation, the spectra first being smoothed with an 11 point smoothing 
function. The peaks in the amide III region were assigned to individual secondary 
structural components and used as starting parameters for the Gaussian curve fitting. 
The secondary structure of the protein was calculated from the area of the individual 
assigned bands and their fractions of the total area in the amide III region (Griebenow 
and Klibanov, 1995). In the amide III region, the assignment of the absorption bands 
of the secondary structure components are: a-helix: 1285-1330 cm-I; ~ sheet: 1229-
1248 cm-I and unordered structures 1250-1289 cm-I. 
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Mishra et al (1996) also examined the secondary structure of lyophilised imprinted 
proteins using FTIR in order to assess their molecular memory. It was detennined that 
all the proteins examined exhibited changes in their secondary structure after being 
imprinted with malic acid. It was stated that lysozyme is approximately 30% IX helix 
and 20 % ~ sheet in aqueous solution (Costantino et al. 1995). in the pH range 1.9-5.1. 
For BSA. the IX helix content using the amide I region is 53 % (Fu et al. 1994) and 
55% estimated from circular dichroism (Schechter & Blout. 1964). ~ sheet content for 
BSA is reported to be 23-27% (Fu et al. 1994) using FTIR studies. and 0% using 
circular dichroism studies (Schechter and Blout. 1964). Note that BSA is expected to 
contain a relatively low level of ~ sheets as its close relative human serum albumin 
(HSA). lacks them completely as revealed by both x-ray studies (He & Carter. 1992) 
and FTIR analysis (Costantino et al. 1995; Griebenow & Klibanov. 1995). 
3.2.4.4 Fr-IR spectroscopy of proteins in aqueous solutions 
Strong absorption by water throughout much of the mid-infrared region has 
continuously hindered the application of FT-IR spectroscopy to the study of aqueous 
solutions and in particular protein solutions as the bending vibration of the water 
absorbs strongly near 1640 cm-I. the amide I region of the protein spectrum. 
Consequently, many investigations have attempted to overcome the problem of the 
overlapping water band in the amide I region of protein spectra. 
One approach was to obtain the FT -IR spectra of both the solution and the solvent. 
and then carefully subtract the latter from the former. However complications arose 
whenever a solute was present. as this induced changes in the frequency. width and 
height of the solvent band. For water and other polar solvents. such effects are very 
visible. When the strong. broad bands of the solute and the solvent overlapped. the 
residual features of the solvent spectrum that remained after subtraction distorted the 
solute bands so that an accurate measurement of their frequency and intensity was no 
longer possible. Koenig and Tabb (1980) tabulated a number of observed infrared 
frequencies for selected proteins in aqueous solutions. Results for the amide I 
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frequencies of ~-lactoglobulin and a-casein agreed well with earlier studies by Susi 
and Byler, (1986), however results for ribonuclease of 1646 and 1656 cm'! seemed too 
high for a protein whose structure is predominantly ~ sheet (Levitt & Greer, 1977), 
An alternative approach was the use of an alternative solvent, deuterium oxide (020) 
as this results in no strong solvent bands close to the amide I frequency region, 
however 0 20 may induce artefacts through the apparent exchange of solvent 
deuterium for analyte hydrogen, Zuber et al (1992) described one such investigation 
and found that the 0 20 dilution technique simplified sample preparation and the 
solvent subtraction process and it was found that dilution of the aqueous samples with 
020 yielded good quality spectra, 
Byler and Susi (1986) obtained the FfIR spectra of 21 globular proteins at 2 cm'! 
resolution from 1600 to 1700 cm'! in deuterium oxide solution (020), Fourier self-
deconvolution was applied to all spectra and found that with the exception of casein 
the amide I band of each protein consisted of six to nine components observed at 11 
well-defined frequencies. Although it was seen that all the proteins do not exhibit 
components at every characteristic frequency (Table 3), the observed components 
were assigned to helical segments, extended ~ segments, unordered segments and 
turns, The integrated areas were used to estimate the percentage of a-helix and ~­
components of each protein and the results were found to be in agreement with x-ray 
data, 
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Mean Frequency Structural Component 
(cm·l ) Assignment 
1624±4 Extended chain 
1631 ± 3 Extended chain 
1637 ± 3 Extended Chain 
1645±4 Unordered 
1653 ± 4 Helix 
1663 ± 4 Turns 
1671 ± 4 Turns 
1675 ± 3 Extended chain 
1683 ± 2 Turns 
1689 ± 2 Turns 
1694±2 Turns 
Table 3: Characteristic frequencies and assignments of amide I components; 
From Byler & Susi (1986). 
Kossovsky et al (1994) introduced a new approach for protein secondary structure 
analysis using ATR-FTIR spectroscopy in which the aqueous conformation of 
albumin appeared to be preserved. A disaccharide, cellobiose, was freeze-dried onto a 
ZnSe ATR crystal producing a glassy layer onto which the protein was subsequently 
layered and dried. The disaccharide layer replicates the conformational contribution of 
water to molecular secondary structure. Curve fitting analysis of the deconvoluted 
spectra obtained showed that BSA contained 64% (± 0.5%) a-helix (a value similar to . 
that published from aqueous CD values). 
3.2.4.5 The structure of adsorbed proteins 
The FTIR technique has frequently been used to study the adsorption of proteins onto 
various surfaces. Jeon et al (1992) studied the adsorption of BSA onto polyurethane 
surfaces. Fu et al (1993) used FTIR spectroscopy to detect the adsorption behaviour of 
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lysozyme and immunoglobulin G onto a ZnSe crystal. Ball and Jones (1995) 
investigated the changes in confonnation of proteins during the adsorption process. 
The most useful FrIR method for characterising flat surfaces is the attenuated total 
reflectance (ATR) method (Section 3.2.4.2) and was the method applied in the 
previously mentioned studies. 
Proteins have been found to denature or unfold at air/water/solid interfaces. However 
the degree of denaturation of adsorbed proteins is open to question. The fraction of 
carbonyl groups in proteins adsorbed to silica surfaces determined by differential 
infrared spectroscopy was used to detect confonnational changes (Morrissey & 
Stromburg, 1974). Albumin and prothrombin adsorbed to silica appeared to retain 
their native structure, while adsorbed 'Y-globulin appeared to unfold at lower surface 
coverage. 
Chittur et al (1986) investigated the usefulness of FrIR spectroscopy coupled with 
ATR as a tool for monitoring blood surface interactions including the determination of 
the blood plasma adsorption process. The study also examined the composition of the 
adsorbed layer and the structural features of the adsorbed protein layer. 
Genreau et al (1982), applied transmission and IR coupled with ATR, to study 
aqueous solutions of single proteins and protein mixtures. These techniques showed 
confonnational changes in albumin when the protein concentration reached 3% (w/v 
in saline). Spectral evidence indicated the possibility of hydrogen-bonded 
polymerisation of albumin as the concentration increased. Studies of albumin-
fibrinogen mixtures allowed to adsorb completely onto a surface illustrated that 
albumin adsorbed initially, followed by fibrinogen adsorption with the subsequent 
displacement of the albumin molecule. The method employed the use of a 60° 
gennanium crystal specially designed for flowing liquids and the adsorption onto the 
crystal was monitored. The conformation of the proteins was followed using spectral 
changes in the amide ill region (1200-1350 cm-I). Conformational change of an (X-
helix to a ~ pleated sheet or a random coil conformation were indicated by a change in 
the ratio of the 1300 cm-! and 1250 cm-! complexes and frequency shifts in the 1250 
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cm') region, Changes in number shape and frequency of the bands near 1300 cm') 
appeared to be typical of a hydrogen bond dilution effect and thus demonstrated 
changes in the hydrogen bond structure of the protein. 
Kellner and Gotzinger, (1984) also used the FfIR-ATR technique for studying protein 
adsorption onto a blood contact surface. An in-situ, static technique coupled with a 
Germanium crystal, either bare or covered with a thin polymer film was used for this 
purpose. All measurements were carried out in D20 solution. With protein 
concentrations in the range, 3.5 mglml to 0.74 mglml. Proteins dissolved in D20 gave 
rise to three major bands, the amide I band having its origin mainly in the C=O 
vibrations of the amide group of the polypeptide chain has the greatest conformational 
sensitivity. Peak position, bandwidth and exact band shape are valuable tools for 
studying conformational changes. The amide 11 band has its origin in a combination of 
the C-N and N-H vibrations of the amide group and shows little conformational 
sensitivity and thus its intensity may therefore be taken as being proportional to the 
amount of protein. The peak positions of the amide I groups were found to be that 
expected from the structural data of the native protein. It was found that two different 
layers were present. A lower layer forming a more or less mono-molecular coverage 
of the surface that was directly bound (probably by hydrophobic interactions). This 
layer was strongly bound to the surface and could not be removed by rinsing with 
solvent or by applying voltage to the substrate. The upper layer was determined to be 
electrostatically bound to the first layer, as it could not be removed by rinsing with 
solvent however was removed by applying negative voltage. 
The use of infrared analysis, in particular Ff -IR, for the study of protein structure is 
extensive. It has also been applied to adsorption studies of proteins at solid-liquid 
interface. However this study will apply the method to the study of proteins adsorbed 
onto ultrafiltration membrane surfaces. Although this has also been attempted, the 
determination of the protein structure adsorbed to the membrane surface has not and 
so this work will be entirely new in this field. 
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CHAPTER 4 
MATERIALS AND METHODS 
4.1 Introduction 
In this investigation a selection of five different ultrafiltration membranes were used 
due to their differing hydrophobicity; a fluoro-polymer membrane, (FP), a 
polysulphone membrane, (PS), a cellulose acetate material, (CA), a hydrophilic coated 
membrane, (ETNA) and a regenerated cellulose membrane (RC) all supplied by Dow 
Danmark Separation Systems. A selection of five proteins were used; BSA (Advanced 
Protein Products), Casein (Fisher Scientific), Egg albumin (Fisher Scientific), 
Lysozyme (Fluka Biochemicals) and Pepsin (Fluka Biochemicals) all without further 
purification. 
4.2 Determination of calibration curves for protein quantification using the 
Lowry Assay 
4.2.1 Introduction 
The Lowry assay is based on a method described by Folin and Ciocalteu (1927) and 
developed by Lowry et al (1951). It enables the measurement of protein by a 
quantitative colorimetric reaction. The assay is simple, quick (results can be obtained 
in an hour), precise and sensitive and thus has become a popular choice of techniques 
in the quantification of proteins and enzymes in biochemical research. The method to 
be applied is that of Peterson (1977) who took into account the observations of 
previous investigations and produced a simplified and more generally applicable 
method of the Lowry assay. 
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4.2.2 Stock Reagents 
a) Copper-tartrate-carbonate (CTC) 
Equal volumes of a sodium carbonate solution 20% (w/v) and copper-sulphate-tartrate 
solution containing 0.2% (w/v) copper sulphate and 0.4% (w/v) potassium sodium 
tartrate were mixed slowly. 
b) 10% (w/v) Sodium Dodecyl Sulphate (SDS) solution 
c) 0.8M Sodium hydroxide Solution 
d) Folin-Ciocalteu phenol reagent was purchased from Fisher Scientific, UK. 
4.2.3 Working solutions 
a) ReagentA 
This was prepared by mixing equal quantities of CTC solution, SDS, sodium 
hydroxide solution and distilled water. This solution lasts for at least two weeks if 
kept at room temperature (20°C). The presence of a small amount of dark precipitate, 
or a white precipitate (SDS) does not affect colour development if shaken well before 
use. SDS will precipitate more readily at colder temperatures but redissolves upon 
warming (Peterson, 1977). 
b) ReagentB 
The Folin-Ciocalteu phenol reagent was diluted in the ratio of 1:5 with distilled water 
(1 part Folins: 5 parts distilled water) and stored in a amber glass bottle. 
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c) Standard protein solutions 
A standard series of each of the five proteins (given in section 3.1) of concentrations 
ranging from 10-500 flglrnl was made up in distilled water. 
4.2.4 The Assay Procedure 
1 rnl of reagent A was added to 1.0 rnl of protein solution (performed in triplicate) and 
the resultant mixture mixed well using a vortex mixer. The mixture was then left to 
stand for 10 minutes at 25°C (in an incubator). 0.5 rnl of reagent B was subsequently 
added and mixed immediately. After being left to stand for a further 30 minutes at 
25°C, the absorbance of the standards was measured at 750 nm using a Shimadzu UV 
1201 UV -Vis spectrophotometer after first being zeroed with 2.5 rnl of a distilled 
water blank. 
4.3 Determination of adsorption isotherms of proteins onto ultrafiltration 
membranes 
Commercially manufactured ultrafiltration membranes supplied by Dow Danmark 
were used in this investigation. The membrane materials had a range of 
hydrophobicity but similar molecular weight cut offs (l0 - 20 kDa). This method is 
based on the work of Lockley et al (1988) who applied the method of Peters on (1977) 
to the quantification of BSA and Bovine Plasma adsorbed onto ultrafiltration 
membranes. 
4.3.1 Membrane treatment 
Sections of 9 cm2 of the membranes were cut and treated by immersion in distilled 
water to remove the preservatives in which they had been supplied. The membrane 
sections were placed into 0, 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and 2% (w/v) protein 
solutions and left for 24 hours in order for an equilibrium to be reached and at 5°C in 
an attempt to minimise bacterial growth. 
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On removal, the membranes were washed with eight changes of distilled water to 
remove any loose protein prior to protein assay. 
4.3.2 Assay Procedure 
1. Membranes 
The membrane sections were placed into IS ml of Reagent A. They were then placed 
into an ultrasonic bath for two hours in order to desorb the protein from the membrane 
and allow reaction with Reagent A. On removal, 1.0 ml of Reagent A (in triplicate) 
was used in the assay. Distilled water 1.0 ml was added to each sample and the 
mixture vortexed and left for 10 minutes in an incubator at 2SoC. O.S ml of Reagent B 
was added and the reaction again mixed well using the vortex mixer, and incubated 
for 30 minutes at 2SoC. The absorbance of the resulting solution was measured at 7S0 
nm. 
2. Protein solutions 
The protein solutions with which the membranes had previously been contacted were 
assayed to determine the concentration. Each solution was diluted by a factor of 100 
by adding 0.1 ml of solution to 10 mI of distilled water and mixed well. 1.0 ml of 
Reagent A was added to the resulting solution (1.0 m1, the analysis performed in 
triplicate), vortexed and incubated at 2SoC for 10 minutes. Reagent B (O.S m1) was 
added to this mixture and again mixed well and incubated for 30 minutes at 2SoC. The 
resulting absorbance was measured at 7S0 nm. 
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4.4 Determination of thiol groups (-SH) in proteins 
4.4.1 Introduction 
Numerous investigations have indicated that protein molecules undergo a 
conformational change during adsorption onto surfaces (Walton & Sonderquist 1980; 
Steadman et aI, 1992; Yan et ai, 1995). The cystine group, a covalent bond formed 
from the oxidation of two cysteine residues, contributes readily to the integrity of the 
protein molecule. It could be hypothesised that if conformational changes do occur 
within the protein molecule upon adsorption, could it be to such an extent that the 
disulphide bridge is broken during the adsorption process? It was attempted to 
measure the free cysteine residues of the protein molecule prior to and after adsorption 
(as the oxidation reaction is reversible, Figure 10) and compare the results. An 
increase in free cysteine residues after adsorption would suggest the cleavage of the 
disulphide bond during the adsorption process. To this end Ellmans reagent was used 
in order to quantify the free thiol groups present both in protein solutions and 
adsorbed onto membrane surfaces. The reaction of this reagent is shown in Figure 11, 
(section 3.2.2.1). The method for quantifying the free thiol groups in protein solutions, 
is a slight modification of the method described by Beveridge et al (1974) who used 
the original technique developed by Ellman (1959), to determine the thiol groups in 
proteins such as egg white, casein and flour whey. 
4.4.2 Quantification of thiol groups in proteins 
4.4.2.1 Stock Solutions 
a) Tris-Glycine Buffer (Tris-Gly) 
1O.4g of Tris(hydroxymethyl) methylammonium chloride, 6.9g of Glycine and 1.2g of 
Ethylene diarninetetra-acetic acid (EDTA) are dissolved in distilled water and the 
solution made up to 1 litre. The pH of the buffer is adjusted to 8.0 using 2M Sodium 
hydroxide solution. 
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b) 8 M Urea solution 
An 8 M urea solution is required to denature the protein and therefore unmask any 
buried thiol groups. 8 M urea solution is dissolved into Tris-Gly buffer. 
c) Ellmans Reagent 
A stock solution of EJlmans reagent is produced by dissolving 40mg of DTNB in 
10ml of Tris-Gly buffer. The reagent is stored at a temperature below 5°C. 
4.4.2 Thiol determination in protein solutions 
8 M urea (2.9 mJ) was added to 0.1 mI one of the following solutions :-
i. 2% (w/v) BSA solution in distilled water 
ii. 2 % (w/v) ovalbumin 
iii. 2% (w/v) pepsin 
iv. 2% (w/v) lysozyme 
v. 2% (w/v) casein 
vi. 0.01 M I-cysteine solution 
0.02 rnl of Ellmans reagent was then added, then mixed and left for 10 minutes at 
room temperature to allow colour development. The absorbance of 1.0rnl of the 
resulting solution was measured at 412nm after the spectrophotometer had been 
zeroed with 1.0 mJ of distilled water. The control in this assay was a reaction identical 
to the above with 0.1 mJ distilled water used in place of a protein solution. 
The method was repeated using a nitrogen blanket on the reaction mixture. 
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4.4.3 Determination of thiol content in proteins after adsorption 
The method employed was an adaptation of the method employed for thiol 
determination of protein solutions solution to enable the thiol content of proteins 
adsorbed onto a membrane surface to be quantified. Using the in situ method, the 
protein is analysed while still adsorbed to the membrane surface. This is possible since 
the evolution of the coloured species is independent of the host protein configuration. 
Proteins adsorbed onto an FP membrane surface were prepared using the method 
previously described in section 3.3.1 using a protein solution concentration of 2% 
(w/v). The membrane was rinsed with distilled water and placed in 8 M Urea I Tris-
Gly solution (2.9 ml). 0.02 ml of Ellmans reagent was added the mixture vortexed 
and left to stand at room temperature for 15 minutes to allow colour development. The 
absorbance of 1.0 ml of the resulting solution was measured at 412 nm after first being 
zeroed with 1.0 rn1 of distilled water. The control in this experiment was a membrane 
contacted with distilled water and treated in the same manner as described previously. 
The quantity of protein adsorbed onto the membranes was determined using the 
method described in Section 4.3.2. 
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4.4.4 An alternative to Ellmans reagent for the quantification of thiol groups in 
proteins: A thiol and sulphide quantification kit 
4.4.4.1 Introduction 
Singh et al (1993) described a method for the quantification of thiols or inorganic 
sulphides through the reduction of a disulphide inhibited derivative of the enzyme 
papain. The mechanism for the reaction is described in Section 3.2.2.1. The activity of 
the enzyme was measured using a chromogenic reagent, N- benzoyl-L-arginine, p-
nitroanilide, (L-BAPNA). The enzymatic amplification step is reported to detect thiol 
quantities down to 0.2 J.LM, a sensitivity that is approximately lOO-fold greater than 
that of the ElImans assay described in the previous section. 
4.4.4.2 Determination of thiol groups in protein using deactivated papain 
1. Reagents 
All reagents were supplied by Cambridge Biosciences, a distributor for Molecular 
Probes who produce a Thiol and Sulphide Quantitation Kit containing all the reagents 
required for the method of Singh et al (1993). 
a) Buffer A: 5mM sodium acetate, 50 mM NaCI, 0.5 mM EDTA, pH 4.7 
Sodium acetate (41 mg) and 292mg of NaCI were dissolved in approximately 80rnl of 
distilled water. 1.0 rnl of 50mM EDTA at pH 8.0 was then added and the pH adjusted 
to 7.6 with 1 M HCI. Sufficient distilled water was added to bring the volume to 
lOOrnl. 
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b) Buffer B: 40 mM sodium phosphate, 2 mM EDTA, pH 7.6 
Hydrated sodium dihydrogen phosphate (0.55 g) was dissolved in 80ml of distilled 
water. To this was added 4rnl of 50 mM EDTA at pH 8, the pH adjusted to 7.6 with 1 
M NaOH and the final volume brought to 100 rnI. 
b) Buffer C: 5 mM sodium acetate, pH 4.0 
41 mg of sodium acetate was dissolved in about 80 ml of distilled water and the pH 
adjusted to 4.0 using IM HC!. Sufficient distilled water was then added to give a final 
volume of lOO rnI. 
c) Papain-SSCH3 Stock Solution 
A 1.2 mglrnl stock solution of papain-SSCH3 was prepared by dissolving 18mg of 
papain-SSCH3 in 25 rnl of Buffer C. Sodium azide at a concentration of 2mM was 
added as a preservative. 
d) L-BAPNA Stock Solution 
L-BAPNA was dissolved into 1.5 rnl of DMSO and the solution sonicated to aid 
solubility. 24.5 rnl ofthe supplied bis-TrislEDTA buffer was then added. 
e) 40 mM Cystamine Stock Solution 
Cystamine dihydrochloride (1Omg) was dissolved in 1.11 rnl of Buffer A. A working 
solution was prepared prior to each assay by diluting 0.1 rnl of 40 mM stock solution 
into 0.9 rnl of Buffer A. 
f) Ellmans Reagent 
10 mg of DTNB was dissolved in 0.25 rnl of DMSO. 
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g) 100 mM L-cysteine stock solution 
1. 5mg of L-cysteine was dissolved into 0.412 ml of Buffer A. 
2. Degassing 
Prior to use in the analysis procedure all solutions were degassed thoroughly using a 
vacuum desiccator filled with ice, at a pressure of 26 mm Hg for 2.5 hours. The 
vacuum was let down with nitrogen and the solutions sealed immediately and used 
within 12 hours of degasification. 
3. ElImans Assay for Calibration of L-Cysteine Thiol Standard 
The method perfonned differed slightly to that described previously. 0.005 mI of 
100mM L-cysteine solution was diluted with 5.0 mI of degassed Buffer A to produce 
a 0.1 mM working solution. 0.4 ml of 0.1 mM I-cysteine solution, 0.69 ml of Buffer B 
and 0.01 mI of Ellmans reagent were vortexed and left for two minutes at room 
. temperature. The spectrophotometer was zeroed with distilled water and the 
absorbance of the solution measured at 412 nm. A control was prepared, which was as 
described with 0.4 ml of Buffer A in place of the 0.1 mM I-cysteine solution. 
4. Thiol determination of protein solutions 
a) Calibration 
A series of six L-cysteine standards were prepared through the addition of 0, 2, 5, 8, 
12 and 15111 of 0.1 mM L-cysteine to six test tubes and the total volume brought to 15 
III with the addition of sufficient Buffer A. 15 III of 0.4 mM cystamine working 
solution and 0.5 mI of papain-SSCH3 was added to each standard and mixed well. The 
solutions were incubated for one hour at room temperature prior to the addition of 0.5 
mI of 4.9 mM L-BAPNA.The solutions were again vortexed and left at room 
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temperature for one hour. Consistent incubation periods were required at this stage 
and thus the addition of L-BAPNA was offset by 1 minute. Prior to analysis, the 
absorbance was zeroed using distilled water and the absorbance of the reaction was 
measured at 410 nm. 
b) Experimental Protein Solutions 
2 % (w/v) BSA, ovalbumin, pepsin, lysozyme and casein solutions were used in this 
method. All solutions were degassed prior to analysis using the method described in 
section 3.5.3.2 and the assay performed as described in the previous section replacing 
15 III of 0.1 mM L-cysteine with 15 III of the required protein solution. 
c) Determination of thiol content of protein adsorbed to a membrane 
Preparation of the FP membrane was as described in section 4.3.1, however a 
membrane area of 1 cm2 was used in this method. The amount of protein adsorbed 
onto the membrane was determined using the method described in section 4.3.2. 
Each membrane was rinsed thoroughly prior to being assayed. The method used was 
basically that described in the calibration procedure however no 0.1 mM L-cysteine 
was added, and was replaced with 15 III of Buffer A, thus a total of 30 III of Buffer A 
was used in this assay. The membrane was removed prior to the absorbance 
measurement. The control in this case was a membrane that had been contacted with 
distilled water and then assayed. 
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4.5 Determination of protein hydrophobicity 
4.5.1 Introduction 
It has been found in numerous investigations that the hydrophobicity of the surface 
greatly affects the quantity of protein adsorbed onto it in that a greater quantity of 
protein adsorbs to hydrophobic materials than hydrophilic materials (Lu and Park, 
1991;Weigert & Sara, 1996). Focussing on the protein molecule, it may be that the 
surface hydrophobicity of a protein molecule is related to the degree of adsorption 
onto a membrane surface as the surface groups are the first to come into contact with 
the membrane surface and therefore would be involved in the initial adsorption 
process. As stated in Section 3.2.3.2 the measurement of protein hydrophobicity is 
very controversial and no one standard method exists. Described below are three 
different approaches for the measurement of protein hydrophobicity in an attempt to 
establish a relationship with the amount of protein adsorbed onto membrane surfaces. 
4.5.2 The average hydrophobicity 
Bigelow (1967) used the free energy transfer data of Tanford (1961) to defme a 
quantity known as 'average hydrophobicity'. Each amino acid that required energy for 
transfer from a hydrophobic to an aqueous environment was assigned a value relative 
to the energy transfer of glycine. The values are given in Table 4. 
The mole percent of each amino acid is multiplied by the free energy transfer for all 
amino acids that have a positive value. The sum is divided by 100 to give a value in 
calories per residue. 
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Amino Acid Energy Transfer 
(Kcal/residue) 
Tryptophan 3 
Isoleucine 2.95 
Tyrosine 2.95 
Phenylalanine 2.65 
Proline 2.6 
Leucine 2.4 
Valine 1.7 
Lysine 1.5 
Methionine 1.3 
Cysteine 1 
Alanine 0.75 
Arginine 0.75 
Threonine 0.45 
Table 4: Amino acid energy transfer values assigned by Tanford (1961). 
4.5.3 Measurement of surface bydropbobicity using the fluorescent probe: 1, 8· 
ANS 
There are numerous methods that may be applied to the determination of protein 
surface hydrophobicity. These are reviewed in section 3.2.3.2. For the purposes of this 
investigation, the hydrophobic probe 1,8-ANS (Figure 15, Section 3.2.3.4) has been 
chosen for this task. This compound has a high quantum yield in organic solvents but 
not in water, thus it fluoresces when bound to hydrophobic sites in many proteins 
(Weber & Young, 1964; Stryer, 1965). This probe has been used by numerous 
investigators for this application (Cheung & Morales, 1969; Bonomi et al, 1988; 
Cardamone& Purl, 1992). Theoretically this probe could be used to detect 
conformational changes in proteins. 
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4.5.3.1 Determination of protein surface hydrophobicity in solution 
The five proteins used were those mentioned in section 4.1. Surface hydrophobicity of 
the proteins was measured using a variation on the original method described by Kato 
and Nakai (1980). A 8.0 mM ANS in 0.1 M phosphate buffer pH 7 was prepared from 
the ammonium salt of 1,8-ANS (Fluka Biochemicals). Each protein solution (prepared 
with 0.1 M phosphate buffer, pH 7) was diluted to give 3 rnI of solutions ranging in 
concentrations of between 0·0.03% (w/v) for BSA and 0-0.35% (w/v) for the other 
proteins. 10 Jll of ANS solution is added to each protein solution and vortexed. 
Relative fluorescence of the resulting solution was measured using a Baird Filter 
Fluorimeter fitted with an OB 10 exitation filter which peaks at 430 nm (the excitation 
wavelength of ANS being 390 nm) and an emmission filter OY18 which gives 
maximum transmittance at 470 nm, the maximum emission wavelength of ANS. A 
graph of protein concentration (%) versus relative fluorescence intensity (RFI) was 
plotted and the gradient used as an index of the protein surface hydrophobicity. 
4.5.3.2 Determination of the surface hydrophobicity of BSA adsorbed onto a FP 
membrane 
The membrane used in this series of investigations was a fluoro-polymer membrane 
(FS61PP), supplied by Dow Danmark. It was chosen as it was found to have the 
greatest fouling characteristics of all the membranes tested and as we were dealing 
with small quantities of protein, this membrane would have the largest amount of 
protein adsorbed onto it. Determination of the hydrophobicity of the adsorbed BSA 
was attempted by trying to measure the amount of ANS reacted with the BSA 
adsorbed onto the membrane. The difference between the maximum possible signal of 
the ANS present and the signal from the ANS after the membrane has been removed, 
should be equal to the amount of ANS reacted with the BSA on the membrane. 
FP membranes were cut to 1 cm2 and treated as described in section 3.3.1 being 
placed in contact with 2.0 % (w/v) BSA solution. The maximum signal of the ANS 
was determined first. 3 rnI of 7.5 x 104 mM ANS (in 0.1 M phosphate buffer, pH 7) 
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was placed into a cuvette. It was determined that 0.6 ml of 0.08 % (w/v) BSA solution 
was sufficient to react with all the ANS present. After vortexing the maximum 
fluorescence was measured. 
The membrane was placed into 3 ml of 7.5 x 10-4 mM ANS in 0.1 M phosphate buffer 
pH 7.0 and incubated at room temperature for 10 minutes to allow reaction between 
the ANS and BSA bound to the membrane. An identical experiment is performed 
using a membrane previously contacted with distilled water to allow the determination 
of the ANS removed by the membrane to be calculated. The membrane was removed 
and the fluorescence of the remaining ANS solution measured. 0.6 ml of 0.08% (w/v) 
BSA is added to the ANS solution. Again the fluorescence of the ANS solution was 
measured. The difference between this fluorescence and the maximum signal gives an 
indication of the amount of ANS reacted with the BSA adsorbed onto the membrane. 
The quantity of protein adsorbed on the membrane was determined using the Lowry 
assay (section 4.3.2). This was also performed on the membranes after the reaction 
with the ANS, first being rinsed with distilled water to remove residual ANS. 
4.5.4 Studies of surface hydrophobicity of protein molecules from theoretical 
molecular structures 
4.5.4.1 The 3-Dimensional Co-ordinates for the Protein Structures 
Three-dimensional co-ordinates for macromolecules were obtained from the Protein 
Data Bank (PDB) at the Brookhaven National Laboratory, Daresbury. In this case the 
examples used for each protein molecule are shown in Table 5. 
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PDBCode Molecule Represented 
Identity 
lA06* Human serum albumin (HSA) molecule Chains: A & B 
Exp. Method: X-ray Diffraction 
Primary Citation: Carter &Ho, (1994) 
Resolution [A]: 2.50 
HET groups: HOH 
Atoms: 9207 
Residues 1170 
lCSN** Casein Kinase-I; Heterogen: Mg-ATP 
Exp. Method: X-ray Diffraction 
Source: Organism-Scientific: Schizosaccharomyces Pombe 
Primary Citation: Xu et ai, (1995) 
Residues: 298 
HET groups: ATP, HOH, Mg, S04 
Atoms 2531 
Table 5: Codes and descriptions of protein models obtained from the PDB for use in 
surface hydrophobicity studies 
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PDB Code 
Identity 
Molecule Represented 
lOVA Ovalbumin (Egg Albumin) 
Exp. Method: X-ray Diffraction 
Source: Hen (Gallus domesticus) 
Primary Citation: Stein et ai, (1991) 
Resolution [A]: 1.95 
Residues: 1554 
HET groups: CA, HOH, NAG, P03 
Atoms: 12269 
5PEP Pepsin 
Exp. Method: X-ray Diffraction 
Source: Porcine 
Primary Citation: Cooper et ai, (1990) 
Resolution [A]: 2.34 
Residues: 326 
HET groups: HOH 
Atoms: 2797 
lHEL Hen Egg-White Lysozyme 
Exp. Method: X-ray Diffraction 
Primary Citation: Wilson et ai, (1992) 
Resolution [A]: 1.70 
Residues: 129 
HET groups: HOH 
Atoms: 1186 
Table 5 Cont.: Codes and descriptions of protein models obtained from the PDB for 
use in surface hydrophobicity studies 
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*Code lA06 in the table is for the human serum albumin (HSA) structure as there are 
no defined co-ordinates for the BSA structure. BSA and HSA are closely related and 
were reported to have similar structures, with minor differences (Kumar and Tolosa, 
1993). BSA has two TYP residues in contrast to the single TYP residue present in 
HSA. BSA also has a high degree of a-helical content that is thought to lie on the 
surface of a hypothetical cylinder with an open channel running along the long axis. 
* *Code 1 CSN is the code representing Casein Kinase molecule a pre-cursor of the 
casein molecule. Casein is another protein molecule whose structure has yet to be 
expressed as three-dimensional co-ordinates in the POB and code 1 CSN is the closest 
representative that could be found for the casein molecule. 
4.5.4.2 Determination of the surface hydrophobicity 
To view the protein structures, the graphics package RasMol was used. This package 
allows the selection of specific atoms or residues and allows their positions and 
distribution to be identified and studied. 
Approach 1: Classification of atoms 
In this case 'surface atoms' were selected, where 'surface' is defined as 'the atoms in 
those amino acids that tend (prefer) to be on the surface of protein, in contact with 
solvent molecules'. All amino acids are classified as either 'surface' or 'buried'. The 
surface atoms are further classified as surface polar, hydrophilic atoms (oxygen and 
nitrogen) and the surface non-polar, hydrophobic atoms (carbon and sulphur). 
Approach 2: Classification of surface amino acids 
The software package RasMol defines the set of hydrophobic amino acids as Alanine, 
Leucine, Isoleucine, Valine, Proline, Phenylalanine, Methionine and Tryptophan as 
defined by Nozaki & Tanford, (1971). The number of atoms contained in these 
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'hydrophobic' amino acids present on the surface of the protein molecule was 
determined and used as a measure of surface hydrophobicity. 
4.5.4.3 Determination of hydrophobic solvent accessible surface area 
Naccess software developed by Hubbard and Thomton in 1993, calculates the atomic 
accessible area when a probe is rolled around the Van der Waals surface of a 
macromolecule. The 3-dimensional co-ordinate data for the macromolecule was 
obtained from the Protein Data Bank (PDB) at the Brookhaven National Laboratory, 
Daresbury. The program uses the method of Lee and Richards (1971), whereby a 
probe of given radius is rolled around the surface of the molecule, and the path traced 
out by its centre is the accessible surface. The probe used in this series of calculations 
was that with a radius of water, (l.4 Angstroms) and hence the surface described is 
referred to as the solvent accessible surface. The calculation also makes successive 
thin slices through the 3-dimensional molecular volume to calculate the accessible 
surface of individual atoms. Ultimately three output files are produced; an atomic 
accessibility file containing the calculated accessible surface for each atom in a given 
molecule, a residue accessible file containing summed atomic accessible surface areas 
over each protein residue and finally a log file containing a summary of the 
information of the calculation performed. Using the data from the output files, a 
measure of the surface hydrophobicity of the protein was calculated. 
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4.6 The use of infrared analysis in the study of protein structure both in the solid 
state and when adsorbed onto ultrafIltration membranes 
4.6.1 Introduction 
The use of infrared analysis, in particular FT-IR, for the study of protein structure is 
extensive. The technique of Pr-IR and its application in protein structure 
detennination is reviewed in Section 3.2.4. It has also been applied to adsorption 
studies of proteins at solid-liquid interface. Described in the next section is the method 
that was used to study the structure of the proteins used previously both in the solid 
'native' state and when adsorbed onto ultrafiltration membranes. 
4.6.2 Determination of the secondary structure of proteins using DRIFT FT ·IR 
4.6.2.1 Preparation of the drift cell 
Potassium bromide (KBr), FT-IR grade, supplied by Aldrich chemicals, was 
homogenised. Protein solid (as previous experiments) that had been ground to a fine 
powder using a pestle and mortar, was added to O.5g of the KBr solid in order to 
produce a 2% (w/w) mixture. This mixture was placed into a shaker and shaken 
vigorously for five minutes to ensure the protein solid was well dispersed within the 
KBr. The mixture was then placed into the drift cell and levelled off. 
4.6.2.2 Measurement of the Drift FT·IR spectra ofthe protein solids 
All measurements were taken using a Nicolet 20 DXC FT -IR spectrophotometer with 
an MCT nitrogen cooled detector and dry air purge. A KBr background was taken 
with the instrument resolution set at 2 cm· l and the spectrum an average of 100 scans. 
The cell was opened, left for two minutes and a further spectrum taken in order to 
obtain a water vapour spectrum. The sample was placed into the machine left for four 
minutes to allow dry air to purge the sample area, and the spectra obtained. This 
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process was then repeated with the instrument resolution of 4 cm-! and the spectra 
being an average of 200 scans. 
4.6.3 Measurement of the FT ·IR spectra of proteins adsorbed onto ultrafiltration 
membranes 
4.6.3.1 Preparation of the membranes 
The proteins used in this investigation were those used in the other investigations. 
However, only three of the original membranes were used; the FP membrane, PS 
membrane and ET membranes. The RC and CA membranes were not used at this 
stage as their Fr -IR spectra were almost identical to the protein spectra and thus the 
absorption bands of the adsorbed protein could not be analysed. The membranes were 
prepared as in section 3.2.2, however an area of 20 cm2 (5 cm x 4 cm) was contacted 
with 100 ml of a 2% (w/v) protein solution. On removal the membrane was rinsed 
with distilled water and half the membranes placed into a freeze dryer for I hour at -
45°C and 1 atmosphere. The other membranes (wet) was left for two days at 5 °C and 
then analysed. A control was prepared in each case by contacting the membrane with 
distilled water. 
4.6.3.2 ATR I Ff ·IR analysis of the membranes 
The same instrument was used as in the DRIFf Fr-IR, however a Spectratech ATR 
300 continuously variable angle ATR attachment set at 45 °c was used with a KRS-5 
crystal (Spectratech) with dimensions 50 x 10 x 3mm. The background was taken 
first, the ATR attachment with crystal, with an instrument resolution of2 cm·! and 100 
scans. A water vapour spectrum was obtained as described previously. To analyse the 
membrane, two pieces of the membrane were cut to the approximate size of the crystal 
and the two pieces placed on the crystal faces with the active sides facing the crystal 
and the spectrum taken. This procedure was repeated using an instrument resolution of 
4 cm-! and 200 scans. 
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CHAPTERS 
RESULTS 
5.1 Determination of calibration curves 
From the absorbance measurements using the method described in section 4.2, 
plotting log of absorbance against log of protein concentration transfonns the non-
linear Lowry calibration curve into a linear function (Stauffer, 1975). The unknown 
protein concentration can be calculated using Equation 4: 
C = (I x Abs7so)' Eqn.4 
Where C is the protein concentration (Jlglrnl), Abs7so is the absorbance at 750 nm and 
I and S are constants which can be calculated from the calibration curve (the antilog of 
the intercept and the reciprocal of the gradient respectively). 
Regression analysis was perfonned using the method of 'least squares fit' a process 
whereby the 'best fit line' is determined by minimising the sum of deviations squared 
in order to fit the data to a linear relationship of the fonn of Equation 5. 
y = mx+c Eqn.5 
The log-log calibration curve of BSA shows that it consists of two linear regions 0-
100 Jlglrnl and 100-400 Jlglrnl (Graph 1). This is in agreement with the observations 
of Peterson (1977) who observed the break in the two curves at 40 mglrnl and Stauffer 
(1975) who observed the change at 127 Jlg I rnl 
A similar observation is seen for the other proteins (Graphs 2-5). 
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Graph 5: Calibration graph for lysozyme 
The mean values of constants I and S calculated from all the calibration curves are 
shown in Table 6 alongside are the Pearson product moment correlation coefficient, r, 
a dimensionless index that ranges from -1.0 to 1.0 inclusive and reflects the extent of a 
linear relationship between two data sets and the standard deviation (value in 
brackets). 
The Pearson correlation coefficient is calculated using Equation 6. 
r = Eqn.6 
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Protein I S R 
BSA 26.34 (6.16) 1.46 (0.13) 0.990 
(0-90 Jlglml) 
BSA 19.13 (2.17) 1.59 (0.04) 0.993 
(100-400 Jlglml) 
Casein 19.96 (12.32) 1.76 (0.30) 0.994 
(0-90 Jlglml) 
Casein 17.24 (6.57) 1.76 (0.20) 0.991 
(100-400 Jlglml) 
Lysozyme 32.16 (11.62) 1.41(0.05) 0.995 
(0-90 Jlglml) 
Lysozyme 20.39 (9.57) 1.51(0.06) 0.998 
(100-400 Jlglml) 
Ovalbumin 20.32 (8.49) 1.63 (0.26) 0.992 
(0-90 Jlglml) 
Ovalbumin 17.24 (6.02) 1.78 (0.31) 0.991 
(100-400 Jlglml) 
Pepsin 17.94 (5.70) 1.60 (0.23) 0.996 
(0-90 Jlglml) 
Pepsin 17.82 (0.62) 1.55 (0.02) 0.994 
(100-400 Jlglml) 
Table 6: Analysis results of calibration curves 
The data for these results is given in Appendix A.l. 
L. M. Ayre, Ph.D. Thesis 99 
Chapter 5. Results 
5.2 Adsorption Isotherms 
5.2.1 Protein solution concentration calculation 
The protein concentration of the protein solution in contact with the membrane 
(Section 4.3.2) was calculated using Equation 4 (section 5.1) from the absorbance of 
the reaction solution measured during analysis. The values of I and S used in the 
equation were those given in Table 6 (section 5.1) depending on the protein being 
analysed. This concentration (/lg/ml) was then multiplied by 100 to account for the 
dilution of the original solution. 
5.2.2 Quantifying protein adsorbed onto ultrafiltration membrane 
After contact with the protein solution, the membranes were placed into a known 
volume of Reagent A and the mixture sonicated for two hours, any protein molecules 
being desorbed from the membrane and reacting with Reagent A (method described in 
section 4.3.2). The absorbance of the resulting blue solution produced on analysis of 
the reagent A is used to calculate the concentration of protein desorbed using equation 
6 (Section 5.1). The total amount of protein desorbed from the membrane is calculated 
by multiplying the resulting protein concentration by the total volume of Reagent A 
used in this process. This value is then divided by the area of membrane used in the 
experiment to obtain the mass of protein adsorbed per unit area (/lglcm2). 
5.2.3 The adsorption isotherms 
Plotting the values obtained in section 5.2.1 against those obtained in 5.2.2 produced 
adsorption isotherms of the proteins studied. Each point is the mean of at least four 
results; the error bars being included to show the range of values obtained. The graphs 
showing the adsorption behaviour of the five proteins adsorbed onto FP, PS, ET, CA 
and RC membranes are shown in Graphs 6-10 respectively. 
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Graphs comparing the adsorption behaviour of BSA, ovalbumin, pepsin, casein and 
lysozyme on different membrane materials are shown in Graphs 11-15 respectively. 
Data for the isotherms is given in Appendix A.2. 
5.2.4 Fitting the isotherm data to a Langmuir relationship 
The Langmuir type relationship, Equation 1 (section 3.1.2.1), is still used to fit protein 
adsorption data despite its shortcomings in relation to proteins. By plotting graphs of 
the experimental data in the form 11 equilibrium solution concentration versus 11 mass 
of protein adsorbed it can be determined if these experimental results follow a 
Langmuir type relationship and if so, if there is a correlation between the amount of .. 
protein adsorbed and the constants of the Langmuir relationship. An example double 
reciprocal plot for BSA adsorption onto a FP membrane is shown in Graph 16 with 
examples of reciprocal graphs for the other proteins given in Appendix A.3. The 
results are shown in Table 7, with the values determined for the constant y. (llglcm2). 
the amount of protein adsorbed corresponding to a monolayer, and the affinity binding 
constant k (Ilglml), calculated as shown in Equations 7 and 8 respectively, and the 
Pearson correlation coefficient calculated using Equation 6. 
y. = 11 intercept of y axis Eqn. 7 
k = Gradient x y. Eqn.8 
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Membrane Mean mass Ikl I y. I R 
I Protein adsorbed @== (Ilg mrl) (Ilg cm·2) 
2% solution 
(Ilg cm·2) 
FP Membrane . . 
BSA 253-279 16708 175 0.977 
Casein 519-555 4013 667 0.964 
Pepsin 795-812 1061 667 0.988 
Lysozyme 534-604 899 500 0.940 
Ovalbumin 489-537 3483 625 0.972 
PS Membrane . 
BSA 252-274 19998 227 0.974 
Casein 233-286 24347 357 0.983 
Pepsin 324-370 1841 250 0.956 
Lysozyme 476-514 4892 714 0.969 
Ovalbumin 624-666 9524 333 0.968 
ET Membrane . 
'. 
BSA 188-208 5038 164 0.976 
Casein 181-215 3013 164 0.971 
Pepsin 132-160 2072 141 0.942 
Lysozyme 162-192 2454 135 0.917 
Ovalbumin 183-208 1592 156 0.965 
Table 7: Comparison of result of protein adsorption studies after fitting experimental 
data to a Langmuir relationship 
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Membrane! Mean mass Ikl I y. I R 
Protein adsorbed @;: (Ilg mr!) (Ilg cm·2) 
2% solution 
(Ilg cm·2) 
CA Membrane 
BSA 60-77 28753 90 0.958 
Casein 131-156 50035 208 0.961 
Pepsin 181-214 244540 2000 0.966 
Lysozyme 222-254 11775 227 0.937 
Ovalbumin 88-109 7533 85 0.985 
... RC Membrane . .. 
. 
• 
BSA 88-137 31686 122 0.978 
Casein 68-106 14297 95 0.979 
Pepsin 134-155 21805 83 0.993 
Lysozyme 179-193 16614 270 0.971 
Ovalbumin 169-183 7602 130 0.960 
Table 7 Cont.: Comparison of result of protein adsorption studies after fitting· 
experimental data to a Langmuir relationship. 
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5.3 Thiol quantification in protein solutions using Ellman's reagent 
5.3.1 Thiol determination in protein solutions 
From the absorbance results measured using the method described in Section 4.4, the 
thiol content of the protein solution can be calculated using Equation 9 (Beveridge et 
ai, 1974). 
jlIl101 SH / g = 73.53 x D x Am Eqn.9 
c 
Where: 
D is the dilution factor that can be calculated using Equation 10. 
D = Total reaction volume (ml) Eqn.l0 
Volume of protein solution (ml) 
- C is the protein concentration (mg / ml) 
- Am is the resultant absorbance of the reaction mixture measured at 412 nm. 
-73.53 is derived from 106 / (1.36 x 104); where 1.36 x 104 is the molar absorbtivity of 
DTNB (Ellman, 1959) and 106 is the unit conversion factor. 
Table 8 shows the results of tbiol determination of the five proteins both with and 
without the use of the denaturant 8 M urea (without values given in red italics).Values 
determined for thiol content of BSA and ovalbumin when the method is performed in 
a nitrogen atmosphere are given in bold. L-cysteine has also been included in the 
results in order to show the validity of the method. Values determined from other 
studies of free tbiol content for these particular proteins are also shown. An example 
calculation is given in Appendix B.l and actual data in appendix B.2. 
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Protein Range Mean Standard Literature Values· 
(mole SHJmole (mole SHJmole Deviation (mole SH / mole 
protein) protein) protein) 
L-cysteine 0.87-1.09 0.97 0.044 I. 0 (Figure 5, 
Section 2.2) 
BSA 0.30-0.592 0.39 0.079 0.62-0.69'; 0.67b; 1.04b; 0.43 '; 
0.12-0.29 0.18 0.00 1 0.68
r; 0 .36g; 
0.70-0.78h 
0.14-0.32 0.24 0.065 
Ovalbumin 1.58-2.35 1. 89 0.170 5.0b; 4.3b; 4 .0c; 
0. 10-0.57 0.29 0.147 3.72-5.45; 
1.32-2.33 l.72 0.251 
0.01 0.005 
Oc. 0" , 
Casei n 0.003-0.020 
-0.001-0.005 
Lysozyme 0-0.0158 0.006 0.006 0" 
Pepsin 0.202-0.300 0.240 0.035 0 
0.1-10-0.174 
Table 8: Results of thiol determination in protein solut ions. 
·values obtained using a selection of different methods 
, Isles & Jocelyn, (1 963) 
b Benesch et aI, ( 1955) 
c Beveridge et ai, (1974) 
d Rohrbach et a i, (1973) 
, Leslie et ai, (1962) 
L. M. Ayre, Ph.D. 111esis 
r Grassetti and Murray, (1967) 
g Ellman, (1959) 
" Sakai, ( 1968) 
; Benesch & Benesch, ( 1948) 
j Rajagopalan et aI, ( 1966) 
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5.3.2 Thiol quantification in proteins adsorbed onto FP membranes 
For the purpose of this method, the fi ve proteins were adsorbed onto FP membranes 
only, as, (see Section 5.2), in all cases, it was this membrane that adsorbs the greatest 
amount of protein. As the method being appl ied (Section 4.4.4) is quite sensitive, it 
follows that the more protein that is present, the greater the chance of success in the 
quantification ofthiol groups in proteins adsorbed onto the membrane. 
The thiol content was again calculated using Equation 9 (Section 5.3. l) . In thi s case 
the dilution factor (D) is equal to I and the concentration (C) (mg/ml) was determined 
from the mass of protein adsorbed onto an identical membrane section, the protein 
being quantified using the Lowry assay (Section 4.3) and the total volume of the 
reaction mixture. The results of the thiol content of proteins adsorbed onto the FP 
membrane, determined both in the presence and in the absence of 8 M urea (without 
urea values are given in red italics) are given in Table 9. Raw data for these results is 
given in appendix B.3. 
Protein Mass protein Range (mole Mean (mole Standard 
adsorbed (mg) S8 I mole S8 1 mole deviation 
protein) protein) 
BSA 2. 19-2.64 0.12-0.49 0.32 0. 11 
0.10-0.29 0.22 0.069 
Ovalbumin 4.12-4.63 0.44-0.92 0.63 0. 168 
O ../4-0.59 0.52 0.060 
Casein 4.12-4.63 -001-004 0.03 0.02 1 
0.00-0.0./ 0.01 0.012 
Lysozyme 4.77-5.13 0.00-0.02 0.01 0.006 
-0.01-0.01 -0.01 0.004 
Pepsin 5.27-5.36 0. 11-0. 19 0. 15 0.03 1 
0.06-0.11 0.09 0.02./ 
Table 9: ThlOl content determ1l1atlon 111 prote1l1s adsorbed onto FP membranes 
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5.4 Thiol quantification in proteins in solution and adsorbed onto FP membranes 
using a thiol quantification kit. 
5.4.1 The calibration curve 
The first stage in this experiment was the production of a calibration curve for thiol 
concentration (for method refer to Section 4.4.5). This was perfonned using the amino 
acid L-cysteine as the standard, known to contain one free thiol group per molecule. 
Ellmans reagent was used to detennine accurately the actual thiol concentration of the 
L-cysteine working solution. At this concentration level, 40 mM, Ellmans reagent is 
sufficiently sensitive to perform this task. This stage is required as thiol groups are 
prone to oxidation in aqueous solutions, and thus the actual thiol concentration of an 
L-cysteine standard may differ significantly from the nominal molarity of the prepared 
solution. 
On reaction of the L-cysteine with the Ellmans reagent, a yellow solution is observed, 
the absorbance of which was measured at 412 nm. The absorbance of the control 
solution was also measured at 412 nm and subtracted from the absorbance 
measurement of the L-cysteine solution. This is the corrected absorbance value 
(M412). 
The thiol concentration of the working L-cysteine solution was calculated using 
Equation 11 (Singh et ai, 1993). 
mM thiol = ~12 x 1.1 x 1000 Eqn.ll 
13600 x 0.4 
Using this concentration, in this case the mean thiol concentration was detennined to 
be 0.084 mM, with a standard deviation of 0.003, the concentration of the standard 
solutions were calculated and plotted against their absorbance measurement at 410 nm 
after reaction with the deactivated papain and L-BAPNA reagent producing a yellow 
solution. 
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The calibration curve must be performed prior to each set of assays due to changes in 
activity of the reagents with time, an example of which is shown in Graph 17 (data is 
given in Appendix B.4). The Pearson correlation coefficient, calculated using 
Equation 6, was found to be 0.994. 
5.4.2 Determination of thiol content of protein solutions 
Using the standard curve, the thiol concentration of the protein solutions can be 
calculated. The results are given in Table 10 (data can be found in Appendix B.5). 
5.4.3 Thiol determination in proteins adsorbed onto FP membranes 
Following the reaction of the adsorbed protein with the deactivated papain and the 
subsequent addition of the L-BAPNA reagent, the production of a yellow solution was 
observed where expected. After removal of the membrane, the absorbance of the 
remaining solution was measured at 410 nm and from this result, the thiol content of 
the adsorbed protein calculated using the appropriate standard curve. The mass of 
protein adsorbed onto the membrane was determined by performing the Lowry assay 
on identical membrane pieces. The results are summarised in Table 11, actual data is 
given in Appendix B.6. 
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Graph 17: Calibration curve for SH concentration determination using thiol 
quantification kit 
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Protein Range Mean Standard 
(Mole SH I Mole (Mole SH I Mole deviation 
protein) protein) 
BSA 0.14-0.35 0.28 0.077 
Ovalbumin 0.07-0.17 0.12 0.036 
Casein 0.04-0.07 0.06 0.01l 
Lysozyme -O.oI-O.oI 0.00 0.005 
Pepsin 0.07-0.18 0.12 0.061 
Table 10: Results of thiol content determination of protein solutions using 
quantification kit. 
Protein Mass Range Mean Standard 
protein (MoleSHI (MoleSHI deviation 
adsorbedon Mole protein) Mole protein) 
1 cm2 (!1g) 
BSA 285-390 0.146-0.542 0.30 0.167 
Ovalbumin 351-478 0.219-0.756 0.46 0.198 
Casein 370-412 0.036-0.005 0.Q2 0.015 
Lysozyme 563-714 0.003-0.007 0.005 0.002 
Pepsin 497-529 0.060-0.230 0.16 0.085 
Table 11: Results for the thiol content of adsorbed proteins using the quantification kit 
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5.5 Average Hydrophobicity 
Using the method of Bigelow (1967) described in Section 4.5.2, the average 
hydrophobicity of the five proteins were calculated and are given in Table 12 below. 
Protein Average Hydrophobicity 
(Call Residue) 
BSA 1120 
Casein 1200-1320* 
Lysozyme 970 
Ovalbumin 1110 
Pepsin 1063 
* Range of values from n, 13 & K-casein 
Table 12: Average hydrophobicity values calculated using Bigelows' 
method (1967) 
5.6 Determination of protein surface hydrophobicity in solution using 1,8-ANS 
After reaction of the 1,8-ANS with the protein molecule the fluorescence was 
measured (as described in section 4.5.3) and a graph of protein concentration (mglrnl) 
versus relative fluorescence intensity (RFI) plotted. Examples of the graphs obtained 
for the five proteins are shown in Graphs 18-22, the data for which is given in 
appendix C.l. The results are expressed relative to '1000' for BSA to facilitate a 
comparison of the values. A summary of the results is given in Table 13, alongside 
are results reported in the literature using the same method. 
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Protein Surface Literature values 
hydrophobicity (Li-Chan, 1991) 
BSA ·1000 1000 
Ovalbumin 27 7 
Casein 61 57-83* 
Pepsin 3 0.7 
Lysozyme 8 0.7 
Table 13: Determined surface hydrophobicity values 
* A range of values obtained using IX-, p-, and IC-casein. 
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5.6.1 Determination of the surface hydrophobicity of BSA adsorbed onto a FP 
membrane 
The FP membrane was used in this series of investigations as it was found to have the 
greatest fouling characteristics of all the membranes tested and as we were dealing 
with small quantities of protein, this membrane would have the largest amount of 
protein adsorbed onto it (Section 5.2.3). Determination of the hydrophobicity of the 
adsorbed BSA was attempted by trying to measure the amount of ANS reacted with 
the BSA adsorbed onto the membrane. The difference between the maximum possible 
signal of the ANS present and the signal from the ANS after the membrane has been 
removed, should be equal to the amount of ANS reacted with the BSA on the 
membrane after taking into account that a quantity of the ANS may be removed with 
the membrane itself. All data for this section can be found in appendix C.2. 
It was determined that 0.6 ml of a 0.08% (w/v) BSA solution was sufficient to react 
with all the ANS present in 3 ml of a 7.5 x 10-4 mM solution, this corresponded to a 
fluorescence measurement of 66, the maximum possible signal. 
After addition and subsequent removal of a I cm2 piece of membrane previously 
contacted with a 2% BSA solution to 3 ml of 7.5 x 10-4 mM ANS to allow reaction 
between the ANS and BSA bound to the membrane, the fluorescence of the ANS 
solution increased by 4 - 9 units. After the addition of 0.6 ml of 0.08% (w/v) BSA 
solution (known to react with the ANS to give a signal of 66), the fluorescence of the 
ANS solution was between 60-63, a signal difference from the maximum possible 
signal of between 3-6. 
An identical experiment was performed using a membrane previously contacted with 
distilled water to allow the determination of the amount of ANS removed by the 
membrane to be calculated. After removal of this membrane the fluorescence of the 
remaining ANS solution was measured. In all cases this reading was found to be O. 
After addition of 0.6 ml of 0.08% (w/v) BSA to the ANS solution fluorescence of the 
ANS solution was measured to be 59-62. The difference between this fluorescence 
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and the maximum signal, in this case 4-7, gives an indication of the amount of ANS 
removed with the membrane without the presence of any adsorbed protein. 
The quantity of protein adsorbed on the membrane was determined using the Lowry 
assay (section 4.3.2). This was also performed on the membranes after the reaction 
with the ANS, first being rinsed with distilled water to remove residual ANS. It was 
determined that membranes previously contacted with 2% (w/v) BSA solution and not 
reacted with ANS, had between 1406-153311g (mean: 150811g; standard deviation: 71 
llg) adsorbed onto the surface. Membranes that had been reacted with the ANS 
solution were found to have between 777-998 llg (mean: 845 llg; standard deviation: 
100 llg), adsorbed onto the surface, a difference of400-850 llg. 
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5.7 Studies of surface hydrophobicity of protein molecules from theoretical 
molecular structures 
5.7.1 Molecular graphical studies 
Three-dimensional co-ordinates for macromolecules were obtained from the Protein 
Data Bank (PDB) at the Brookhaven National Laboratory, Daresbury. In this case the 
examples used for each protein molecule are given in Table 5, Section 4.5.4.1. The 
protein molecules were examined using the molecular graphics package 'Rasmol', the 
different approaches taken described in Section 4.5.4.1. 
1. Approach 1: Classification of atoms 
In this case 'surface atoms' were selected, where 'surface' is defined as 'the atoms in 
those amino acids that tend (prefer) to be on the surface of protein, in contact with 
solvent molecules. All amino acids are classified as either 'surface' or 'buried'. The 
surface polar, hydrophilic atoms (oxygen and nitrogen) have been coloured red and 
the surface non-polar, hydrophobic atoms (carbon and sulphur) are coloured green. 
Numerical data for this study is shown in Table 14, whilst visual representations (from 
one aspect) are shown in figures (17-21). 
2. Approach 2: Classification of surface amino acids 
The software package RasMol defines the set of hydrophobic amino acids as Alanine, 
Leucine, Isoleucine, Valine, Proline, Phenylalanine, Methionine and Tryptophan as 
defined by Tanford, (1961) (with the exemption of glycine). The number of atoms 
contained in these amino acids present on the surface of the protein molecule was 
determined and the results given in Table 15. This information is represented visually 
in Figures (22-26) with the atoms present as polar amino acids, shown in red and those 
atoms present in the non-polar amino acid (defined previously) shown in green. 
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Protein Total Polar Atoms Non-polar atoms 
Surface N 0 Total C S Total 
Atoms (%) (%) 
RSA 5716 1066 1274 41 3376 0 59 
Casein Kinase 1553 313 326 41 914 0 59 
Ovalbumin 6477 1211 1498 42 3768 0 58 
Pepsin 1486 242 401 43 843 0 57 
Lysozyme 605 136 133 44 336 0 56 
Table 14: Number of surface atoms and their identity from theoretical models 
Protein Total Atoms Polar Amino Acids Non-Polar Amino Acids 
in Surface No. Atoms % of Total No. Atoms % of Total 
Amino Atoms Atoms 
Acids 
RSA 5716 5292 93 424 7 
Casein Kinase 1553 1381 89 172 11 
Ovalbumin 6477 5793 89 684 11 
Pepsin 1486 1241 84 245 16 
.. 
.-
Lysozyme 605 543 90 62 10 
Table 15: Detennination of surface hydrophobic atoms based on their existence in 
amino acids classed as hydrophilic/hydrophobic. 
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Figure 17: HSA 
Figure 19: Lysozyme 
Figure 21 : Pepsin 
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Figure 18: Casein 
Figure 20: Ovalbumin 
Key to Figures 17-21: 
Theoretical protein molecules 
~~,..., Non-polar surface 
.• ';;;;;;;'''1 atoms (carbon) 
Polar surface atoms 
(nitrogen and oxygen) 
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Figure 22: HSA 
Figure 24: Lysozyme 
Figure 26: Pepsin 
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Figure 23 : Casein 
Figure 25: Ovalbumin 
Key to Figures 22-26: 
Theoretical protein molecules 
Non-polar surface 
amino acids 
Polar surface amino 
acids 
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5.7.2 Determination of hydrophobic solvent accessible surface area 
Naccess software developed by Rubbard and Thornton in 1993, calculates the atomic 
accessible area when a probe is rolled around the Van der Waals surface of a 
macromolecule. The 3-dimensional co-ordinate data for the macromolecule was 
obtained from the Protein Data Bank (PDB) at the Brookhaven National Laboratory, 
Daresbury. The program uses the method of Lee and Richards (1971), whereby a 
probe of given radius is rolled around the surface of the molecule, and the path traced 
out by its centre is the accessible surface. The probe used in this series of calculations 
was that with a radius of water, (1.4 Angstroms) and hence the parameter described is 
referred to as the solvent accessible surface. The calculation also makes successive 
thin slices through the 3-dimensional molecular volume to calculate the accessible 
surface of individual atoms. Ultimately three output files are produced; an atomic 
accessibility file containing the calculated accessible surface for each atom in a given 
molecule, a residue accessible file containing summed atomic accessible surface areas 
over each protein residue and finally a log file containing a summary of the 
information of the calculation performed. An example of the atomic accessibility file 
and residue accessible file for RSA is given in Appendix C.3. 
Table 16 gives the total solvent accessible surface area of the surface atoms in a given 
protein molecule along with the surface area of the polar and non-polar atoms. 
Table 17 contains the total accessible surface area to the solvent calculated using the 
amino acid residue classified as either hydrophobic or hydrophilic (as given in Section 
5.7.1 Approach 2), present on the surface. 
5.7.3 Determination of contact areas 
The Naccess software can also perform the calculation of atomic contact areas rather 
than accessible areas, i.e. this is not the path traced by the probe centroid but the parts 
of the van der Waals surface that the probe actually touches. Again the results are 
given as contact areas of hydrophobic/hydrophilic atoms and contact areas of 
hydrophobic /hydrophilic amino acid side chain residues, given in Tables 18 and 19. 
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Protein Total Solvent Solvent Accessible Solvent Accessible 
Accessible Surface Non-polar Surface Polar Surface Area 
Area Area 
No. % Area No. % Area 
HSA 56013 32658 58 23355 42 
Ovalbumin 54967 32710 60 22257 40 
Casein 14452 7674 53 6778 47 
Lysozyme 6665 3321 50 3344 50 
Pepsin 13454 7004 52 6450 48 
Table 16: Solvent accessible surface areas of protein molecules calculated from atoms 
present on the surface using Naccess 
Protein Total Solvent Solvent Accessible Solvent Accessible 
Accessible Surface Non-polar Surface Polar Surface Area 
Area Area 
No. % Area No. % Area 
HSA 56013 13023 23 42990 77 
Ovalbumin 54967 12478 23 42489 77 
Casein 14452 3630 25 10822 75 
Lysozyme 6665 1298 19 5367 81 
Pepsin 13454 4089 30 9365 70 
Table 17: Solvent accessible surface areas of protein molecules calculated from side 
chain residues present on the surface using Naccess 
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Protein Total Contact Area of Contact Area of 
Contact Area Non-polar Atoms Polar Atoms 
No. % Area No. % Area 
HSA 16695 10610 64 6085 36 
Ovalbumin 16469 10648 65 5821 35 
Casein 4300 2489 58 1811 42 
Lysozyme 1982 1076 54 906 46 
Pepsin 3929 2272 58 1657 42 
Table 18: Contact areas of protein molecules calculated from its constituent atoms, 
using N access 
Protein Total Contact Area of Contact Area of 
Contact Area Non polar Atoms Polar Atoms 
No. % Area No. % Area 
HSA 16695 4112 25 12583 75 
Ovalbumin 16469 3894 24 12575 76 
Casein 4300 1127 26 3173 74 
Lysozyme 1982 404 20 1578 80 
Pepsin 3929 1256 32 2673 68 
Table 19: Contact areas of protein molecules calculated from amino acid 
classification using Naccess 
L. M. Ayre, Ph.D. Thesis 134 
Chapter S. Results 
5.8 FT·IR spectra determination 
Presented in the following sections are the results of Fr·IR analysis of the five 
proteins using the methods described in Section 4.6. 
5.8.1 DRIFT FT·IR spectra of protein powders 
The Fr·IR spectra of the five protein solids were obtained using DRIFr Fr-IR. The 
spectra were analysed from 2000-600 cm'! and the results shown in Graph 23 with an 
enhanced version showing only the amide I and IT bands given in Graph 24 In this 
example, Kubella-Munk values are used as the y-axis measurement as this is the 
standard unit used to present DRIFr Fr -IR results. The main areas of the spectra of 
interest in protein Fr-IR studies are those of the amide I and IT band regions i.e. those 
absorbance bands centred on wave numbers 1650 and 1550 cm'! respectively. A 
standard analysis technique was used to analyse peaks occurring in this region. 
Initially a baseline was created between wave numbers 1470-1750 cm'!. A Gaussian 
distribution was fitted to the data in order to calculate the peak maxima of the two-
absorbance bands within this spectral region. The results of the analysis are given in 
Table 20 along with the standard deviation. Raw data is given in appendix 0.1. 
Protein Mean absorbance band Standard Deviation 
position (cm'!) 
Amide I Amide 11 Amide I Amide 11 
BSA 1663.0 1539.3 1.30 2.51 
Casein 1667.8 1532.0 0.24 2.61 
Lysozyme 1659.9 1534.5 2.11 1.24 
Ovalbumin 1662.6 1539.8 2.88 2.65 
Pepsin 1657.7 1540.9 4.31 1.97 
Table 20: Mean peak positions of the amide I and amide IT absorbance bands of the 
protein solids 
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Graph 23: DRIFT FT -IR spectra of the protein powders 
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Graph 24: An enhanced view of the amide I and U absorbance bands of the solid 
proteins 
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5.8.2 Deconvolution of the amide I band of the DRIFT FT·IR spectra of the 
proteins 
In order to assess the structural component of the proteins the amide I absorbance 
band was deconvoluted using a method similar to that of Byler and Susi (1986). 
Initially a baseline was created between 1600 and 1700 cm-! and the second derivative 
spectra obtained for all proteins. The frequencies of the band centres obtained were 
used as the initial input parameters for the band fitting procedures. Deconvolution was 
carried out using the Nicolet instrument software, Omnic version 1.2, using values for 
the parameters of bandwidth and resolution enhancement of 14cm-! and 2.1cm-! 
respectively. To measure the relative areas of the component bands of the amide I 
band the deconvolved spectra were curve fitted. This was achieved using the software 
package Origin version 5.0. Gaussian band shapes were assumed for the deconvolved 
components. In most cases false solutions were identified when an unreasonably large 
value for the width of one band was obtained and rejected. The procedure generally 
was carried out as follows: 
1. Only components identified by the second derivative spectra were considered. 
2. If negligible or negative areas for one frequency resulted, that frequency was 
omitted. 
3. If an obvious gap remained an additional component was added. Usually 
around 1630 cm-I for a ~·structure or 1646 cm-! for unordered structures. 
4. The cycle was repeated if necessary until a 'satisfactory' fit was obtained. 
The results for deconvoluted amide I band of protein solids is given below in Graphs 
25-29 with the band positions and structural assignments given in Table 21. 
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Graph 26: Deconvolved spectra of the amide I band of casein 
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Graph 27: Deconvoluted spectra of the amide I band of lysozyme 
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Graph 28: Deconvoluted spectra of the amide I band of ovalbumin 
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Graph 29: Deconvoluted spectra of the amide I band of pepsin 
L. M. Ayre, Ph.D. Thesis 140 
Protein Extended Chains Unordered Helix Turns and Bends 
Low Component High 
Component 
BSA 1619 1622 1631 1674 1645 1659 1687 1694 
Casein 1607 1620 1631 1640 1642 1651 1668 1685 1699 
Lysozyme 1615 1625 1638 1643 1656 1670 1683 1698 
Ovalbumin 1615 1625 1638 1678 1643 1656 1665 1694 
Pepsin 1607 1619 1643 1659 1672 1685 1698 
Mean 1607 1618 1624 1631 1639 1674 1644 1656 1670 1685 1697 
St. Dev 0.00 2.41 1.73 0.00 1.15 0.00 1.41 3.27 2.23 1.67 1.95 
-
Table 21: Deconvoluted band positions and possible structural assignments of the amide I bands of solid proteins 
.j>. 
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5.8.3 ATR·FTIR Spectra of Freeze·Dried FP Membranes 
Graph 30 shows the spectra of the FP control membrane (shown in black), and the 
spectra of the FP membranes with protein adsorbed and subsequently freeze-dried to 
remove excess moisture, analysed using the ATR-FfIR method described in section 
4.6.3. Comparing the control membrane spectra with those of the membranes with 
protein adsorbed, the clean (control) membrane does not have any strong absorbance 
band in the amide I or 11 absorbance regions and thus these two absorbance bands can 
be distinguished clearly from the absorbance bands ofthe membrane (Graph 31). 
Table 22 summarises the absorbance bands of the membrane material and the most 
likely functional groups responsible. 
Examination at the amide I and 11 bands of the adsorbed protein was applied by first 
introducing a baseline between wave numbers 1470 - 1750 cm· l , and fitting a 
Gaussian distribution to the peaks. The peak positions were established and are 
summarised in Table 23. Raw data is given in Appendix D.2. 
5.8.3.1 Deconvolution of the amide I peak 
Following the method described in section 5.8.2 for the solid proteins, the amide I 
peak of the proteins adsorbed to the FP membranes were deconvoluted and the 
resultant spectra shown in Graphs 32-36 with the peak positions and structural 
assignments given in Table 24. 
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Graph 30: FT-LR spectra of the FP membranes both with and without protein 
adsorbed. 
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Graph 31: Enlarged spectra of the FP membranes in the Amide 1/ II region 
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Band Position (cm· l ) Possible functional group assignment 
1431 
1401 Saturated and unsaturated C-F and C-F2 
1277 bonds 
1183 
1074 
879 C-H stretch 
842 C-H rocking vibration 
Table 22: Absorbance band positions and related structural components of the FP 
membrane. 
Protein Mean absorbance band Standard Deviation 
position 
(cm·l ) 
Amide I Amide 11 Amide I Amide 11 
BSA 1652.6 1543.0 1.16 0.71 
Casein 1649.9 1543.7 1.78 1.26 
Lysozyme 1652.4 1541.4 1.35 1.73 
Ovalbumin 1649.9 1541.7 1.46 1.34 
Pepsin 1647.6 1544.5 0.75 1.52 
Table 23: Mean peak positions of the amide I and amide 11 absorbance bands of the 
FP membranes with protein adsorbed. 
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Graph 32: Deconvolved spectra of BSA adsorbed to an FP membrane 
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Graph 33: Deconvolved spectra of casein adsorbed to an FP membrane 
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Graph 34: Deconvolved spectra of lysozyme adsorbed to an FP membrane 
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Graph 35: Deconvolved spectra of ovalbumin adsorbed to an FP membrane 
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Graph 36: Deconvolved spectra of pepsin adsorbed to an FP membrane 
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Protein Extended Chains Unordered Helix Turns and Bends 
Low Component High 
Component 
BSA 1614 1622 1637 1673 1657 1681 
Casein 1622 1634 1643 1653 1670 1685 
Lysozyme 1613 1628 1637 1642 1655 1671 1684 
Ovalbumin 1627 1636 1644 1654 1665 1685 
Pepsin 1613 1625 1677 1642 1657 1669 1691 
Mean 1613 1625 1636 1675 1643 1655 1669 1684 1691 
St. Dev 0.7 1.7 lA 1.5 1.2 1.7 2.9 1.8 0.0 
Table 24: Deconvoluted band positions and possible structural assignments of the amide I bands of proteins adsorbed onto 
FP membranes 
Ch"I)!er S. Results 
5.8.3.2 Analysis of the support layer of theFP membrane 
FT-LR analysis of the support membrane material was also made and the results 
compared with those of the active layer. The result for an FP membrane contacted 
with BSA is shown in Graph 37. 
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Graph 37: FTLR analysis ofB A adsorbed to both the active and support layer 
of the FP membrane 
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5.8.4 ATR FT·IR spectra of the PS membrane 
Graph 38 shows the spectrum of the PS control membrane (shown in black), and the 
spectra of the PS membranes with protein adsorbed and subsequently freeze dried to 
remove excess moisture. As with the FP membrane, a closer examination of the 
spectra in the 1750-1470 cm·! region was made to compare the control membrane 
spectra with those of the membranes with protein adsorbed (Graph 39). 
Table 25 summarises the absorbance bands of the membrane material and the most 
likely functional groups responsible. 
Absorbance band 
position (cm·l ) 
1587 
1503 
1489 
1408 
1385 
1320 
1295 
1242 
1171 
1154 
1110 
836 
873 
Possible 
Functional Group Assignment 
c=c aromatic stretching vibrations 
.. .. 
C-(CH3h deformation 
C=C aromatic stretching vibrations 
C-(CH3h deformation 
Ar-SOz-Ar 
S=O stretching vibration 
Aromatic etherlPhenol 
R-S02-R stretch 
R-S02-R stretch 
C-C stretch 
C-H rocking vibrations (aromatic) 
C-C stretch 
Table 25: Possible absorbance band assignments for the PS membrane 
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Gmph 39: Enhanced spectra of the PS membrane 
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From Graph 39, it can be observed that with the exception of lysozyme (carmine) the 
amide 11 absorbance band is masked by the membrane absorbance bands, however the 
amide I absorbance band is clearly visible at around 1650 cm-I, so for analysis 
purpose only this band will be used. Graph 40 shows an enhanced view of the amide I 
band of the proteins adsorbed to the PS membrane. 
Examination of the amide I band of the adsorbed protein was applied by first 
introducing a baseline between wave numbers 1750-1615 cm-I, and fitting a Gaussian 
distribution to the peak, the peak positions of the adsorbed protein amide I absorbance 
bands were established and are summarised in Table 26. Raw data is given in 
Appendix D.3_ 
5.8.4.1 Deconvolution of the amide I peak 
Following the method described in section 5_8_2 for the solid proteins, the amide I 
peak of the proteins adsorbed to the PS membranes were deconvoluted and the peak 
positions of the resultant spectra with the structural assignments given in Table 27. 
(Graphs given in Appendix D.3). 
Protein Mean Amide I band Standard Deviation 
position (cm-I) (cm-I) 
BSA 1654.0 0.74 
Casein 1654.0 1.11 
Lysozyme 1658.6 1.01 
Ovalbumin 1655.8 1.06 
Pepsin 1656.2 0.72 
Table 26: Results of Amide I peak position in proteins adsorbed to PS membranes 
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Graph 40: An enhanced view of the amide 1 absorbance bands of proteins 
adsorbed to the PS membrane. 
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Protein Extended Chains Unordered Helix Turns and Bends 
Low Component High 
BSA 1626 1638 1677 1648 1656 1688 
Casein 1624 1629 1640 1677 1653 1663 1688 
Lysozyme 1626 1632 1644 1655 1668 1680 1688 1694 
Ovalbumin 1626 1629 1638 1647 1655 1668 1681 1688 
Pepsin 1624 1629 1639 1675 1650 1660 1670 1685 
Mean 1625 1628. 1637 1676 1646 1653 1665 1670 1682 1688 1694 
St. Dev 1.15 1.64 3.13 1.15 2.08 2.39 3.95 0 2.64 0 0 
Table 27: Deconvoluted band positions and possible structural assignments of the amide I bands of proteins adsorbed onto PS 
membranes 
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5.8.5 ATR Ff·IR spectra of the ET membrane 
Graph 41 shows the spectrum of the ET control membrane (shown in black), and the 
spectra of the ET membranes with protein adsorbed and subsequently freeze dried to 
remove excess moisture. As with the previous membranes, a closer examination of the 
spectra in the 1750 - 1450 cm·! region was made to compare the control membrane 
spectra with those of the membranes with protein adsorbed (Graph 42). 
Table 28 surmnarises the absorbance bands of the membrane material and the most 
probable functional groups responsible. 
Absorbance band Possible 
position (cm·I ) Functional Group Assignment 
1400 Saturated and unsaturated C-F and C-F2 bonds 
1276 
1178 
1072 
880 C-H stretch 
836 C-H rocking vibration 
Table 28: Possible absorbance band assignments for the ET membrane 
Examination of the amide I and amide II bands of the adsorbed protein was applied by 
first introducing a baseline between wave numbers 1750-1485 cm·!, and fitting a 
Gaussian distribution to the peak, the peak positions of the adsorbed protein amide I 
and II absorbance bands were established and are summarised in Table 29. Raw data 
is given in Appendix D.4. 
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Protein Mean absorbance band Standard Deviation 
position (cm· l ) 
(cm· l ) 
Amide I Amide II Amide I Amide II 
BSA 165 1 1547 1.19 1.9 1 
Casein 1650 1549 1.02 1.73 
Lysozyme 1653 1545 1.51 2.07 
Ovalbumin 1650 1544 1.78 1.74 
Pepsin 1647 1549 1.72 2.58 
Table 29: Results of Amide UII peak position in proteins adsorbed to ET membranes 
5.7.5.1 Deconvolution of the amide I peak 
Following the method described in section 5.8.2 for the solid proteins, the amide I 
peak of the proteins adsorbed to the ET membranes were deconvoluted and the peak 
positions of the resultant spectra with the structural assignments given in Table 30. 
(Graphs given in Appendix 0 .4). 
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Protein Extended Chains Unordered Helix Turns and Bends 
Low Component High 
( , t 
BSA 1620 1635 1674 1655 1685 
Casein 1616 1622 1630 1639 1679 1648 1657 1664 1672 1685 1692 
Lysozyme 1617 1626 1639 1654 1670 1683 1690 
Ovalbumin 1613 1628 1638 1678 1643 1658 1668 169 1 
Pepsin 1615 1626 1675 164 1 1657 1669 1682 1690 
Mean 1615 1624 1633 1639 1677 1644 1656 1664 1670 1684 169 1 
St. Dev 1.71 3.29 3.54 0.58 2.38 3.61 1.64 0 1.71 1.50 0.960 
Table 30: Deconvoluted band pos itions and possible structural assignments of the amide I bands of proteins adsorbed onto ET 
membranes 
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5.8.6 A TR FT -IR spectra of the CA membrane 
Graph 43 shows the spectrum of the CA control membrane (shown in black), and the 
spectra of the CA membranes with protein adsorbed and subsequently freeze dried to 
remove excess moisture. As with the previous membranes, a closer examination of the 
spectra in the 1750-1470 cm' ) region was made to compare the control membrane 
spectra with those of the membranes with protein adsorbed (Graph 44). From these 
graphs it can be seen that the CA membrane has an absorbance band at the same 
position as that of the amide I protein band (1640 cm' \ As it is this band that is most 
indicati ve of the protein secondary structure (Miyazawa et ai, 1960; Krimm, 1962; 
Krimm & Abe, 1972; Krimm & Bandekar, 1986; Susi & Byler, 1986; l ackson et ai, 
1989) it was decided that no further studies would be carried out using Ff-IR analys is 
of this membrane material. 
Table 31 summarises the absorbance bands of the membrane material and the most 
probable functional groups responsible. 
Absorbance band Possible 
position (cm'l) Functional Group Assignment 
1044 (Strong) Primary Alcohol 
11 26 (Weak) 
11 59 (Weak) 
125 I (S trong) 
137 1 (Medium) 
1635 (Medium) C =O 
1746 (S trong) C = 0 stretching vibration 
Table 31: Possible band ass ignments of the CA membrane material 
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Graph 43: Spectra of the CA membrane with and without (black) protein adsorbed 
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Graph 44: An enhanced view of the FT-lR spectra of the CA membrane, in the region 
1750 - 1450 cm-! 
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5.8.7 ATR FT-IR spectra of the RC membrane 
Graph 45 shows the spectrum of the RC control membrane (shown in black), and the 
spectra of the RC membranes with protein adsorbed and subsequently freeze dried to 
remove excess moisture. As with the previous membranes, a closer examination of the 
spectra in the 1750-1450 cm· 1 region was made to compare the control membrane 
spectra with those of the membranes with protein adsorbed (Graph 46). From these 
graphs it can be seen that the RC membrane has an absorbance band at the same 
position as that of the amide I protein band (1640 cm· l ) and so as in the case of the CA 
membrane it was decided that no further studies would be carried out using FT-IR 
analysis and this membrane material. 
Table 32 summarises the absorbance bands of the membrane material and the most 
probable functional groups responsible. 
Absorbance band Possible 
position (cm· l ) Functional Group Assignment 
896 (Weak) C-H stretching mode 
933 (Weak) 
1025 (Strong) 
1057 (Strong) C-H stretching modes 
1158 (Medium) 
1239 (Medium) C-H stretching modes 
1315 (Weak) 
1374 (Medium) 
1634 (S trong) OH bending bands 
1734 (Weak) C+O stretching vibration 
Table 32: Possible functional group band assignments for the RC membrane 
L. M. Ayre, Ph .D. Thesis 161 
2 
'" 
1. 6 
u 
= 
'" 1.2 .=.
l.. 
0 
., 
0.8 .=. ~ 
0.4 
0 
2000 1800 
- Control 
- Lysozyme 
1600 1400 1200 
Wave number cm-I 
- BSA 
- Ovalbumin 
Cbapter S. Resu lts 
1000 
Casein 
- Pepsin 
800 
Graph 45: FT -IR spectra of the RC membrane with and without protein adsorbed 
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Graph 46: An enhanced view of Graph 45 in the region of interest (1750-1450cm-1) 
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CHAPTER 6 
DISCUSSION 
6.1 Adsorption Isotherms 
The results obtained from protein adsorption studies of the five proteins and five 
membrane materials are given in Section 5.1. The results presented are for the proteins 
dissolved in distilled water solution with no additional solutes (may cause additional 
interference with protein molecule state) as it was decided to use a simple system for 
the purpose of this investigation. 
It can be seen from Graphs 6-15 that in most cases the protein adsorption isothenns 
follow a Langmuir type relationship (Section 3.1.2.1) i.e. a linear relationship at lower 
protein concentrations with membrane saturation occurring at higher concentrations 
indicating the fonnation of a monolayer. This is in good agreement with other protein 
adsorption studies (Brash & Lyman, 1969; Dillman & Miller, 1973). The Langmuir 
type relationship was confinned by plotting the experimental data in the fonn lImass 
protein adsorbed versus lIequiIibrium concentration solution (example shown in 
Graph 16, other examples given in appendix A.3) where a linear relationship was 
observed with the Pearson coefficients in the range 0.917-0.993. Deviation from the 
Langmuir relationship can be explained by the shortfalls in the application of the 
Langmuir correlation to protein adsorption. The Langmuir relation assumes:-
1. Only one molecule can be adsorbed per site. 
2. Only one type of site is present (homogeneous surface). 
3. The adsorption of one molecule does not affect the adsorption energy of other 
molecules 
4. Only one adsorbing species is present 
5. Applies to dilute solutions and 
6. Adsorption is reversible. 
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With the exception of (4), none of these assumptions can be said to be strictly true for 
this investigation. 
Comparing the mass of protein adsorbed onto each membrane (Graphs 6-11), no 
obvious trend is observed in the sequence of the mass of each protein adsorbed. For 
example in Graph 6 the adsorption of proteins onto the hydrophobic FP membrane, it 
was seen that Pepsin had the greatest mass adsorbed, BSA the least, with lysozyme, 
ovalbumin and casein having similar masses adsorbed. Whilst on the PS membrane, 
considered quite hydrophobic in nature (according to manufacturers data less 
hydrophobic than the FP membrane), ovalbumin had the greatest mass adsorbed with 
BSA and casein having the least mass adsorbed and the order changed again with the· 
other three hydrophilic membranes. 
If the maximum mass adsorbed (Table 7) is expressed in terms of moles adsorbed 
(Appendix A.4), a trend is observed in that with all membranes studied, lysozyme has 
the greatest number of moles adsorbed while BSA has the least number of moles 
adsorbed, with ovalbumin casein and pepsin in various positions between the two 
extremes. If molecular mass is indicative of molecule size, BSA with a molecular 
mass of 68 000, is the largest molecule studied and lysozyme with molecular mass 
14500 the smallest molecule. This would be a reasonable assumption from molecule 
dimensions. BSA is known to have an ellipsoidal shape 4 x 14 nm (Hirs et al, 1956), 
and thus its packing would be in the order of 30 nm2/mo1ecule. Applying a similar 
logic to the lysozyme molecule the dimensions of which are given as 4.5 x 3 x· 3 nm 
(Malmsten, 1994), its packing would b~ of the order 12 nm2/molecule. Thus in theory 
lysozyme could fit 2.5 times more molecules than BSA into the same area. This would 
probably be the case if the protein molecules were adsorbed in the folded or unfolded 
states (a larger molecule would occupy a greater area in the unfolded state than a 
smaller molecule). These results indicate that molecule size might be a contributory 
factor in the controlling the mass of protein adsorbed to a membrane surface (Le. the 
larger the molecule the lower the number of moles which can be adsorbed to the 
surface). However this does not explain the trend observed in ovalbumin, pepsin and 
casein with molecular masses 45 000, 36 000, and 22 000 respectively having 
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different molecular masses but having different sequence of amounts adsorbed on each 
membrane. This indicates that other factors such as the molecular structure I 
configuration may also play a role in the amount of protein adsorbed to a membrane 
surface. Furthermore if the saturation adsorption of the membrane is due to the 
formation of a monolayer, the different saturation points observed for the same protein 
adsorbed onto different membranes could not be explained by molecular size. The 
monolayer on the hydrophobic FP membrane must therefore be more densely packed 
than the monolayer formed on the hydrophilic CA membrane for example, again 
indicating differences in the mode of adsorption of the proteins to the different 
membranes. 
The ionic state of the protein and the adsorbing membrane surface may also be a factor 
in the amount of protein adsorbed to a membrane. At the isoionic pH (pH of the 
protein solution dissolved in distilled water) of the proteins, as they are present in this 
investigation BSA and ovalbumin and casein are slightly negatively charged, pepsin 
has a negative charge and lysozyme a positive charge. The PS membrane is the only 
membrane whose charge is known under these conditions in that it possesses a slightly 
negative charge (Zhu & Nystrom, 1998). However it was shown that although 
electrostatic interactions may contribute to the amount of protein adsorbed onto the 
membrane surface, the affect is negligible compared with that of the affect of the 
hydrophobicity of the membrane material (Zhu & Nystrom, 1998). 
It was mentioned earlier that due to the existence of a saturation point III the 
adsorption of the protein onto the membranes that the· probability was that a 
monolayer had been formed onto the membrane surface. In the case of BSA 
adsorption to FP and PS membranes the saturation concentration was between 200-
250 llglcm2 (Graph 11, Section 5.2.3). These results compare well with those of 
Ingham et at (1979) who reported a membrane saturation limit of 175 llglcm2 using a 
dynamic system calculating the protein remaining in the bulk phase. Fane et at (1983 
a; b) reported similar results to Ingham et at (1979) using BSA with an Arnicon XM 
l00A membrane, which again was washed prior to protein estimation and reported 
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protein adsorption in excess of 100 llg/cm2. Turker and Hubble (1987) measured the 
BSA adsorption to a polysulphone membrane to be 207 llg/cm2. 
However it is known that a close-packed monolayer of unperturbed BSA molecules 
would correspond to surface concentrations of approximately 0.25-0.84 llg/cm2 
depending on the orientation of the molecules based on the hydrodynamic dimensions 
. of BSA (Norde & Lyklema, 1978). Dillman and Miller (1973) reported a saturating 
membrane protein concentration of approximately 0.1 llg/cm2, varying slightly with 
the membrane type used (all were made from a polyethylene backbone), using a 
passive method similar to this investigation, washing the membrane to remove excess 
protein but blotting dry. 
It is thought that the large difference in value for the monolayer concentration value 
lies in the difficulty in measuring the total surface area of the membrane. The surface 
area used in this investigation and in those of others who found similar values is that 
of the top surface of the membrane. This surface area is not strictly correct due to the 
existence of pores and thus an actual value for the surface area of the membrane would 
be greater. However it is suggested that the differences in quantities of protein 
adsorbed are too large to attribute to values used for membrane surface area. From 
reported values of molecular area of proteins it is thought that Dillman and Miller 
(1973) showed the formation of a Langmuir monolayer of adsorbed protein whilst the 
results obtained in this investigation as well as those of Ingham et al (1979) and Fane 
et al (1983) suggests that the monolayer can act as a base for subsequent protein 
adsorption which can lead to multi-layers of adsorption many molecules deep. As the 
membranes being used are all ultrafiltration membranes with a 20,000 Dalton 
molecular weight cut off, it is assumed that all have similar pore sizes and thus similar 
surface areas, the values obtained will be used for comparative purposes only. 
Examination of the amount of each protein adsorbed to the different membranes, 
Graphs 26-31, shows that (with the exception of the ovalbumin-PS system) the 
greatest amount of protein is adsorbed to the FP membrane followed by the PS 
membrane with the ET, RC, and CA membranes having similar amounts of protein 
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adsorbed. This can be explained in terms of the membrane hydrophobicity in that the 
although the exact degree of hydrophobicity of the membranes is not known, the 
manufacturers (Dow) product information indicates that the FP membrane is most 
hydrophobic followed by the PS membrane with the other membranes described has 
being hydrophilic in nature. The results obtained therefore agree with the investigation 
of Nystrom (1989) & 10hansson et al (1998) in that proteins are adsorbed to a greater 
extent on hydrophobic materials than hydrophilic surfaces. 
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6.2 Quantification of thiol groups in proteins 
In an attempt to assess whether conformational changes occur within a protein 
molecule upon adsorption onto a membrane surface to such an extent as to induce the 
breakage of disulphide bridges the free cysteine residues of the proteins were 
measured both in solution and when adsorbed to the membrane surface (the breakage 
of a disulphide bond would result in the formation of two cysteine residues -Section 
2.4, Figure 10). After researching the methods available to measure free thiol groups 
in protein molecules (Section 3.2.2), two methods were chosen as these could be 
applied to both protein solutions and adsorbed proteins due to the release of a coloured 
product from the reaction. The two approaches used were EIImans reagent (Section 
4.4.2) and the use of a deactivated form of papain provided in a thiol quantification kit 
(Section 4.4.4) with the results of each method presented in sections 5.3 and 5.4 
respectively. 
6.2.1 Thiol determination in protein solutions using EIImans Reagent 
6.2.1.1 L-cysteine 
L-cysteine was used in this investigation as a model thiol group for the reaction of the 
EIImans. With just one thiol group per molecule (structure given in Figure 5, Section 
2.2), and a relatively small molecular mass (121.28), L-cysteine offers no hindrance to 
reaction with EIImans reagent as may occur with the large complicated structures of 
the protein molecules. The results are given in Table 8, Section 5.3.1. The mean value 
for the number of thiol groups per L-cysteine molecule was determined to be 0.965 ± 
0.044. This result agrees with the theoretical result of 1 thiol residue per mole of L-
cysteine, thus showing the validity of this method. 
6.2.1.2 BSA 
The results for thiol determination in BSA range from 0.302-0.592 with a mean of 
0.430 mole SH I mol BSA and standard deviation of 0.079 using 8 M urea as the 
denaturant. 
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When the same experiment was perfonned using 0.5% SDS as the denaturant results 
obtained ranged from 0.24 - 0.34 (Appendix B.2), a mean of 0.29 mole SH I mol BSA 
and standard deviation 0.03, indicating that the results may be dependant on the 
degree of accessibility of the thiol groups to the reagent and that SDS is not as 
effective as 8 M urea as a denaturant. 
From the amino acid sequence, theoretically BSA has 35 cysteine residues 34 of 
which exist in disulphide bridge structures leaving one free thiol group. Table 8 shows 
the results from other investigators who found a range of values between 0.36-1.04 
moles SH per mole BSA. There is much speculation as to the reason for the non-
integral result. Hughs (1947) suggested that BSA may consist of two fractions, 
mercaptoalbumin containing 1 SH per mol, and another fraction (non-
mercaptoalbumin devoid of SH groups. Amperometric titration (Benesch et ai, 1955) 
led to a surprising reproducible result of 1. It was suggested that one SH group was 
also present in non-mercapto albumin but was of a less reactive nature than in thiol 
group in the mercaptoalbumin BSA (Benesch et ai, 1955). King (1961) suggested that 
the free SH group in a BSA molecule constantly undergoes a thiol-disulphide 
exchange reaction thus accounting for the thiol group content of below one. 
The discrepancy in theoretical and actual result may be due to the fact that the thiol 
group may not be accessible to the Ellmans reagent as seen with the difference in the 
results obtained using different denaturants and that when no denaturant is used 
(values in italics Table 8, Section 5.3.1), the result falls again to between 0.106-0.294. 
This was also suggested by Petach (1994). who also found that the detection of 
sulphydryl groups in proteins is severely limited by the inaccessibility of the 
sulphydryl groups to the Ellmans' reagent. 
Another explanation for the discrepancy between theoretical and actual results is that 
the thiol group may have been oxidised in the atmospheric air. The SH group is 
thought to be highly reactive (Singh et ai, 1993) so in order to test this theory, 
experiments were carried out in an atmosphere of nitrogen rather than in air. The 
results (values in bold, Table 8, Section 5.3.1) were similar to results of experiments 
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performed with identical reagents in atmospheric air. Applying a null hypothesis to 
the two sets of results ( i. e. that there is no difference between them), it was found 
that the difference between the means with a normally distributed population, should 
be up to but not exceeding twice its standard deviation in 95% of cases. The mean 
difference of 0.15 calculated in this experiment is 1.5 times that of the standard 
deviation, therefore the null hypothesis can be accepted that the difference between 
the two means is zero and that performing the experiment has little effect on the result, 
thus it is unlikely that the thiol group of the BSA molecule has been oxidised in 
atmospheric air. 
The results obtained in this investigation are consistent and compare with those of 
other investigations. Confidence in the method has already been shown with the L-
cysteine results and in reality the values obtained are only to be used to compare the 
results of thiol determination in protein solutions and adsorbed proteins. 
6.2.1.3 Ovalbumin 
Ovalbumin was determined to have a wide range of thiol content, from 1.58-2.35, 
mean of 1.89 and standard deviation of 0.17. In this series of experiments only 8 M 
urea, the stronger denaturant, was used, however with no denaturant the mean result 
fell to 0.29. Once again the experiment was repeated using a nitrogen blanket and the 
mean thiol content found to be 1.72, only slightly lower than obtained performing the 
experiment in atmospheric air. 
Amino acid sequencing has determined that an ovalbumin molecule contains 6 
cysteine residues and structural investigations have found that 2 of these residues are 
present as a disulphide bridge, leaving 4 free thiol residues (Femandez et aI, 1964). 
Other investigators who have quantified the free thiol residues have determined the 
free thiol content to be much higher (Table 8, Section 5.3.1), than the results obtained 
in this investigation. It seems likely that the discrepancy lies in the fact that the free 
thiol groups of ovalbumin are in various states of accessibility and some may be 
masked or buried, within the molecule. The amount of thiol determined fell 
dramatically when the experiment was performed without a denaturant and many 
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investigators have failed to show the presence of the free SH group even with a 
denaturant (Boyer 1954; Gilmore & FothergiII, 1967). The results obtained when 
perfonning the experiment with a nitrogen blanket suggest that it is unlikely that the 
SH group has been oxidised in the presence of atmospheric oxygen rendering the SH 
group unreactive to the EIImans' reagent. 
However as mentioned with the BSA, the results were quite consistent with each set 
of conditions and it is the comparison with the result of the adsorbed protein that is of 
interest. 
6.2.1.4 <:asein 
Theoretically cx- and ~- caseins contain no cysteine residues however lC-casein 
contains 2 cysteine residues in the fonn of a disulphide bridge. The experimental 
results obtained (0.003-0.02) are significantly Iow as to be considered as zero. 
6.2.1.5 Lysozyme 
Lysozyme contains eight thiol residues all of which exist as disulphide bridges. The 
results detected 0.000-0.016 moles SH I mole protein, are again so Iow as to be 
considered negligible as would be expected from structural considerations (<:anfield, 
1963). 
6.2.1.6 Pepsin 
A mean value of 0.24 moles SH per mole of pepsin has been found, the value again 
decreasing to 0.18 in the absence of the denaturant urea. From structural studies on the 
pepsin molecule, it is found that pepsin contains 6 cysteine amino acids which exist in 
the fonn of disulphide bridges (Steiner et al, 1965; Rajagopalan et al, 1966) hence no 
free thiol residues should be in theory be detennined. This suggests that an impurity is 
present in the pepsin product, however as mentioned previously, it is a comparison of 
results with adsorbed protein that is of interest especially if the thiol content of the 
adsorbed protein is found to increase. 
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6.2.2 Free thiol group determination in proteins after adsorption onto 
ultrafiltration membranes 
Detennination of the number of free thiol groups in proteins adsorbed onto 
membranes was an attempt to find if sulphur bridges are broken during the adsorption 
process. One disulphide bridge breakage would theoretically result in the production 
of two cysteine residues (Figure 10, Section 2.4) and therefore an increase would be 
seen in proteins adsorbed to membranes compared to that of protein solutions. For the 
purpose of this method the five proteins were adsorbed onto FP membranes only, as 
this membrane material adsorbed the greatest amount of protein (Section 5.2). As the 
method being applied is quite sensitive it follows that the more protein that is present 
the greater the chance of success in the quantification of thiol groups adsorbed onto an 
ultrafiltration membrane. 
A comparison of the results of thiol detennination in both the protein solutions and 
adsorbed protein is given in Table 33. 
Protein Mole SH / Mole Protein Mole SH / Mole Protein 
(Solution) (Adsorbed) 
BSA 0.39 ± 0.079 0.32±O.110 
Casein 0.01 ±0.OO5 0.03±O.021 
Ovalbumin 1.89 ± 0.170 0.63±O.168 
Lysozyme 0.01 ±0.006 0.0I±O.OO6 
Pepsin 0.24 ± 0.035 0.15±O.031 
Table 33: A comparison of results of thiol determmation in protem solutlons and 
adsorbed proteins using Ellmans reagent 
6.2.2.1 BSA 
It can be seen from the results in Table 9 (Section 5.3.2) that the thiol content of BSA 
adsorbed to FP membrane was in the range 0.12-0.49, with a mean of 0.32 ± 0.11. 
Comparing this to the thiol content of the BSA in solution (mean 0.39 ± 0.08), there is 
less than one standard deviation difference between the two mean results (0.07). 
Applying a null hypothesis (to test the significance of the mean difference), it was 
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found that the difference between the means should not exceed twice its standard 
deviation in 95% of cases. The mean difference of 0.07 calculated in this experiment 
is 2.1 times that of the standard deviation, therefore the null hypothesis can be rejected 
and the difference between the two means is significant. The thiol content of the 
adsorbed protein is lower than that of the BSA in solution suggesting that the 
accessibility of the thiol group has changed due to the adsorption process rendering it 
less accessible to the Ellmans' reagent. However the reduction in thiol content of the 
protein after adsorption suggests that no breakage of the disulphide bridges occurs, or 
if this does happen either the bond is immediately reformed through oxidation 
process, or the product is not two SH residues. 
The experiment was also performed using no denaturant, as a denaturant may aid the 
reforming of the disulphide bridges if they were to be broken. Comparison of the 
results performed without the use of 8 M urea shows a decrease in the mean SH 
content of the adsorbed BSA (from 0.32 to 0.27). The difference between the two 
means (0.05) is 1.75 times the standard deviation of the two data sets, which indicates 
that that with 95% confidence there'is no significant difference between the two 
results. Comparing the mean result' of thiol determination of BSA adsorbed to 
membranes performed in the absence of urea (mean = 0.27) with thiol quantification 
in BSA solutions (also in the absence of urea, mean = 0.18), it is seen that the 
adsorbed protein has a slightly higher thiol content. The mean difference of the results 
of the adsorbed and dissolved BSA of 0.09, is 5.7 times that of the standard deviation 
of the two sets of results which is a significant difference between them. With no urea 
present, there is no external factor acting on the protein structure so this comparison is 
the most realistic in that it is a true measure of the thiol accessibility. Although the 
thiol content of the BSA increases on adsorption to the FP membrane, it is not to such 
an extent as to indicate the breakage of a disulphide bridge. A more likely explanation 
is that the protein changes conformation on adsorption to the membrane surface, 
rendering the free thiol group more accessible. 
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6.2.2.2 Ovalbumin 
Comparing the results in Table 33, with and without the use of 8 M urea, there is a 
significant decrease in the mean SH content of the solution and adsorbed ovalbumin. 
Firstly comparing the thiol content of adsorbed and ovalbumin in solution, with the 
use of 8 M urea, it can be demonstrated that the difference (0.52 mole SW mole 
protein) between the mean thiol content of the dissolved protein (1.47 mole SH I mole 
protein) and that of the adsorbed ovalbumin (0.95 mole SW mole protein) is a 
significant difference based on a normal distributed population. This result, although 
significant, indicates that there is no breakage of the disulphide bridge as a result of 
the adsorption process as the thiol content was found to decrease upon adsorption. 
Comparison of the results of the experiments performed without urea shows similar 
results however in this case; the adsorbed protein (mean thiol content of 0.52 mole SH 
I mole protein) has a greater thiol content than the protein solution (0.29 mole SH I 
mole protein). The difference between the means of the two sample (0.24 mole SH I 
mole protein) is significantly different in that it is 3.3 times that of the standard 
deviation of the two sets of results. These results again suggest the thiol groups of the 
ovalbumin exist in different accessibilities. The reduction of the thiol content of the 
adsorbed protein suggests that the thiol residues could be involved in the interaction of 
the ovalbumin with the membrane or that the interaction has rendered them 
inaccessible to the Ellmans reagent, accounting for the lower result. 
6.2.2.3 Casein and Lysozyme 
Results from experiments performed with casein and Lysozyme in solution and when 
adsorbed to the FP membrane again show little difference, both being close to zero, 
further evidence to implying no breakage of the sulphur bridge during the adsorption 
process. 
6.2.2.4 Pepsin 
Results using pepsin again follow the trend shown by BSA and Ovalbumin in that 
there is a decrease in the determined SH content of the adsorbed protein from that 
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detennined in solution. Again this probably indicates no breakage of the disulphide 
bridge, however there may have been a conformational change in the protein structure 
rendering the thiol groups more or less accessible to the Ellmans' Reagent. 
6.3 Determination of thiol groups in proteins using the thiol quantification kit 
Although the thiol detenninations of dissolved and adsorbed proteins has already been 
made using the traditional Ellman' s reagent, the enzymatic amplification step in the 
thiol quantitation kit enables the detection of thiol concentrations down to 0.2 mM 
thiol (0.2 nanomol in a 1 rn1 reaction volume), a sensitivity that is reported to be over 
lOO-fold greater than that achieved using Ellman's reagent (Section 4.4.4). The results 
from this investigation are given in Section 5.4). 
6.3.1 Protein solutions 
The 0.1 mM L-cysteine standard was detennined to contain a thiol concentration of 
0.084 mM, when theoretically the concentration (calculated from the solution 
concentration) should have been 0.1 mM thiol. The difference between the actual 
result and that of the nominal molarity of the prepared solution, although minimal is 
thought to be due to the oxidation of the SH group in atmospheric air. A comparison 
of results of thiol detennination using the two methods is shown below in Table 34. 
Protein Mole SH I Mole Protein Mole SH I Mole Protein 
(Ellman's) (Kit) 
BSA 0.39±0.079 0.28±0.077 
Casein 0.01 ±0.OO5 0.06±0.011 
Ovalbumin 1.89 ± 0.170 0.12 ±0.036 
Lysozyme 0.01 ±0.006 0.00 ± 0.005 
Pepsin 0.24 ± 0.035 0.12 ± 0.061 
Table 34: A comparison between results of thiol detennination in protein solutions 
using two methods 
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Comparing the results of the two methods (Table 35) it is observed that the results 
from experiments using the kit are much lower (less than halt) the results obtained 
using Ellmans' reagent. This is completely unexpected in that the kit is reported to be 
over 100 times more sensitive than the Ellman's reagent. The only explanation for 
these results is that it has been shown that the results are dependant on the 
accessibility of the SH residue to the reagent and that the cystamine used in the kit to 
unmasked any buried thiol groups may not be adequate for fulfilling this role. 
However as with the Ellmans' reagent the consistency of the method has been proven 
and it is the comparison of the results performed with protein solutions with the 
adsorbed protein that is of interest. 
6.3.2 Adsorbed protein 
Protein Mole SH I Mole Protein Mole SH I Mole Protein 
(Ellman's) (Kit) 
BSA O.32±O.110 O.30±0.167 
Casein O.03±O.O21 O.O2±O.015 
Ovalbumin O.63±O.168 O.46±O.198 
Lysozyme 0.0I±O.OO6 0.O1±O.OO2 
Pepsin 0.15±O.031 O.16±O.085 
Table 35: A comparison between results of thiol determination in adsorbed proteins 
using the two methods 
Comparing the results of thiol determination using the two different methods it can be 
seen that in most cases they are very similar indicating the validity of the experimental 
method. 
Comparison of the results of the thiol determination in both the protein solutions and 
adsorbed protein using the kit is given in Table 36. 
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Protein Mole SH I Mole Protein Mole SH I Mole Protein 
(Solution) (Adsorbed) 
BSA 0.28±0.08 0.30±0.17 
Casein 0.06±0.01 0.02±O.02 
Ovalbumin 0.12±0.04 0.46±O.20 
Lysozyme 0.00 ± 0.005 O.Ol±O.OO . 
Pepsin 0.12±0.06 0.16±O.09 
Table 36: A comparison of results of thiol determination in protein solutions and 
adsorbed proteins using the thiol quantification kit 
6.3.2.1 BSA 
Comparing the mean of the results performed on BSA solution and adsorbed onto FP 
membranes, the mean difference of 0.03 is 0.5 times the standard deviation of the of 
the two sets of data, thus the deviation of the means is statistically considered to be 
zero. These results also compare with the results of experiments performed with the 
Ellmans' Reagent, providing clear evidence the the results of the two experiments are 
valid and a true indication of the thiol content of the protein both in the dissolved and 
adsorbed state. The similarity between the results of tbiol determination of BSA both 
in solution and when adsorbed onto an FP membrane surface provides no evidence of 
the breakage of the disulphide bridges during the adsorption process. 
6.3.2.2 Ovalbumin 
With ovalbumin an approximate threefold increase in the number of free thiol groups 
is detected in the protein adsorbed on the membrane, compared with that in solution. 
The ovalbumin solution results using the kit are much lower than those using Ellmans, 
however the results for the adsorbed ovalbumin using both methods are very similar. 
This suggests again that the accessibility of the free thiol groups is the determining 
factor, and in fact the cystamine is not fulfilling its role to unmask buried thiol groups, 
as the results are similar to those performed using Ellmans' Reagent without the use of 
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the denaturant. The increase of the thiol group content in the adsorbed protein 
indicates a change in the protein structure on adsorption to the membrane surface so 
that the thiol groups become more accessible to the kit reagents. The results do not 
indicate that the conformational change is to such an extent as to break the disulphide 
bridges of the protein as the increase in thiol content is very small. 
6.3.2.3 Casein and Lysozyme 
The results obtained for casein and lysozyme both in the solution and adsorbed form 
are all close to zero as would be expected from theoretical structural considerations. 
There is no evidence to suggest that the disulphide bridges of either of these proteins 
are broken during the adsorption process. 
6.3.2.4 Pepsin 
The results for pepsin using the kit are similar for both the solution and adsorbed 
forms. The mean deviation of the two experiments of 0.03 is 0.6 time that of the 
standard deviation of the results and thus can be considered as being zero. Again the 
results performed using the kit are similar to those performed using Ellmans' Reagent 
in the absence of urea, further evidence that the cystamine is not effective as a 
unfolding agent. The results again give no indication of the breakage of any of 
pepsin's disulphide bridges upon its adsorption to the membrane surface. The results 
for pepsin using the kit are similar for both the solution and adsorbed forms. 
Both methods provide a result much lower than the theory about the protein structure 
suggests. The difference in the results may be due to the accessibilities of the SH 
groups to the reagents as it has been shown by using different denaturants has an 
obvious affect on the results. 
In all cases a comparison of the results for the adsorbed and solution forms of both the 
proteins show no increase in the thiol content of the protein providing no evidence that 
sulphur bonds are broken during the adsorption process or if this does occur the bonds 
reforms or the product is not an SH group. 
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6.4 Determination of protein hydrophobicity and the relationship with 
adsorption onto ultrafiltration membranes. 
As discussed in Section 6.1, molecular size could be one factor in determining the 
mass of protein adsorbed to the membrane however the fact that only lysozyme and 
BSA follow this trend with all the membranes, other factors could be responsible for 
the amount of pepsin, casein and ovalbumin as well as BSA and lysozyme, adsorbed 
onto the membrane surface. It has been reported that the hydrophobicity of the 
adsorbing surface is important in determining the amount of protein adsorbed to it (Lu 
& Park, 1991; Weigert & Sara, 1996), and results of this investigation have shown 
that the hydrophobic materials had far greater quantities adsorbed than the hydrophilic 
membranes. It is also understood that the surface hydrophobic properties of protein 
molecules may be linked with their functionality, for example, foaming (Badwan et ai, 
1977; Kato et ai, 1983; Townsend & Nakai, 1983; Mitchell, 1986) and emulsification 
properties (Kato & Nakai, 1980). With this knowledge it has been hypothesised that 
the hydrophobicity of the protein may also play a role in determining the amount of 
protein adsorbed to the membrane surface. 
The hydrophobicities of the five proteins used in this investigation have been 
determined using three approaches: 
1. The average hydrophobicity (Section 4.5.2). 
2. The experimentally determined hydrophobicity (Section 4.5.3). 
3. The theoretical surface hydrophobicity from molecular models (section 4.5.4). 
The results are discussed in relation to the amount of protein adsorbed in the 
following sections. 
6.4.1 Average Hydrophobicity 
From the results in Table 12 (Section 5.5), it can be seen that the values obtained for 
the average hydrophobicities using the method of Bigelow (1967) ranged from 970-
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1260 calories I residue. This is a fairly narrow range of values and in fact Bigelow 
himself examined over 150 proteins and found that values ranged from 440 - 2020 
with over half lying in the range 1000-1200 calories I residue. The results obtained are 
not unexpected as most proteins consist of similar ratios of amino acids and thus 
similar values for their average hydrophobicities would be likely. This procedure only 
takes into account the primary structure of the protein and does not relate to the three 
dimensional conformation of the protein molecule. The calculated values also fail to 
take into account the surface exposure of the hydrophobic residues. 
For this reason the average hydrophobicity calculated using the method of Bigelow 
and similar approaches (Rose et al, 1985; Krysteck and Anderson, 1985) seem 
inappropriate measures of the surface hydrophobicity of the protein molecule and as 
the values for the proteins are all so similar it is not possible to relate this measure of 
hydrophobicity to the extent of adsorption of the proteins onto the membrane surface 
and so will not be considered further during the course of this investigation. 
6.4.2 Experimentally determined surface hydrophobicity 
Reportedly, the surface hydrophobicity can be measured using a number of 
experimental techniques (Section 3.2.3.2) but at present there is no standard method 
for hydrophobicity measurement. 
From a comparison of the different methods it was suggested by Nakai and Li-Chan 
(1988) that the Triglyceride binding method appeared to be a reasonable selection as a 
standard method (Smith et ai, 1983), with the ANS or CPA methods as alternatives 
due to their convenience and simple analytical procedures. It was decided to use the 
ANS method to experimentally determine the surface hydrophobicity of the proteins. 
On reaction with the ANS all protein solutions exhibit an increase in fluorescence, 
however with BSA this was to such an extent as to require a reduction in the solution 
concentration by 10 times (from 0.3 to 0.03 % Wt I Vo!.) compared to the other 
proteins so as to have the fluorescence reading 'on scale'. 
L. M. Ayre, Ph.D. Thesis 180 
Chapter 6. Discussion 
The results for each protein were normalised relative to BSA with a value of 1000 for 
ease of comparison. From Table 13, it can be seen that using this method BSA has a 
experimentally determined surface hydrophobicity far greater (over 20-100) times that 
of the other proteins. The values obtained compare with those results of other 
investigators using this technique (Li-Chan, 1991). The reason for this result could be 
that electrostatic interactions as well as hydrophobic interactions may be involved in 
the binding of the probes with the proteins. The fluorescence may also result from the 
presence of many binding sites of moderate hydrophobic character or from the 
existence of high affinity sites with considerable hydrophobic character. 
Distribution, periodicity and appearance of the hydrophobic sites, location, distance 
between hydrophobic and hydrophilic sites may be important parameters which are 
not represented by a simple value of surface hydrophobicity. Nakai and Li-Chan 
(1993) reviewed the structure - activity relationships of food proteins and stated that 
emulsifying activity was closely related with hydrophobicity. Foaming activity was 
also found to require hydrophobicity and factors relating to the adsorption of proteins 
at the interface to obtain an adequate foam lamella strength. Hydrophobicity, as well 
as other factors relating to the intermolecular interactions such as thiol groups and 
calcium binding, were found to be involved in the process of thermally induced 
gelation. 
Examination of a possible relationship between the extent of protein adsorption to the 
membrane surfaces was made excluding BSA and the results shown in Graph 47 
below. 
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Graph 47: The relationship between mass protein adsorbed (@ saturation point) to 
different membrane materials and the experimentall y determined hydrophobicity 
From Graph 47 there seems to be no direct relationship between the determined 
hydrophobicity and the mass adsorbed onto different membranes. However proteins 
are large complex molecules with many functional groups and it is uncertain that the 
surface hydrophobicity of nat ive proteins should closely correlate with fu nctional 
properties of the proteins as denaturation of the protein at the membrane interface may 
occur. Also, using this experimental technique, the di stribution and periodicity of 
appearance of the hydrophobic sites or the location and distance between hydrophobic 
and hydrophi lic sites may be important parameters that are not represented by a 
simple overall value of surface hydrophobicity. 
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6.4.3 Determination of the surface hydrophobicity of BSA adsorbed onto a FP 
membrane 
An attempt was made to detennine the surface hydrophobicity of BSA when adsorbed 
onto a FP membrane as a change in the value of hydrophobicity would indicate a 
change in the conformation of the BSA molecule. Only BSA was studied in this part 
of the investigation as very small concentrations of BSA were found to give 
measurable fluorescence and as the amount of protein adsorbed is relatively low 
quantity it seemed logical. However, the FP membrane was used in this series of 
investigations as it was found to have the greatest fouling characteristics of all the 
membranes tested and as we were dealing with small quantities of protein, this 
membrane would have the largest amount of protein adsorbed onto it (Section 5.2.3). 
Detennination of the hydrophobicity of the adsorbed BSA was attempted by trying to 
measure the amount of ANS reacted with the BSA adsorbed onto the membrane. The 
difference between the maximum possible signal of the ANS present and the signal 
from the ANS after the membrane has been removed, should be equal to the amount 
of ANS reacted with the BSA on the membrane after taking into account that a 
quantity of the ANS may be removed with the membrane itself. 
After addition and subsequent removal of a 1 cm2 piece of membrane previously 
contacted with a 2% BSA the increase in fluorescence of the ANS solution by 4 - 9 
units would indicate that a portion of the adsorbed BSA had been removed through 
reaction with the ANS. The protein removed must be strongly adsorbed to resist being 
removed in the washing procedure however these attractions are not as strong as the 
interaction between the protein molecule and the ANS molecule. These membranes 
were then washed to remove any residual ANS and the amount of protein remaining 
on the membrane quantified using the Lowry assay. The mass of protein remaining on 
these membranes was approximately 700 /lg less than that adsorbed onto membranes 
not reacted with the ANS. These results would indicate that on reaction with the ANS 
a portion of the adsorbed protein (50%) is removed from the membrane through 
reaction with the ANS, with the other 50% remaining adsorbed to the membrane. 
L M. Ayre, Ph.D. Thesis 183 
Chapter 6. Discussion 
The portion of protein removed must be bound to the membrane in such a way as to 
resist the washing process but the interaction with the ANS molecule provides a 
stronger attraction than the protein has with the membrane surface. The remaining 
50% of the protein must interact with the membrane in a stronger interaction as to 
resist reacting with the ANS and being removed from the membrane. These results 
suggest that the protein adsorbed to the membrane surface is of two different types. 
One type is strongly adsorbed to the membrane surface and not removed with the 
reaction with ANS and the second type being more loosely bound to the membrane 
surface and removed with the reaction of the ANS, maybe even multi-layer 
adsorption. 
From the results from the control membranes to determine the signal difference due to 
removal of the ANS with the membrane material, the signal difference was found to 
be 4-7 units lower than the maximum signal, similar to the signal difference with the 
membranes with the protein adsorbed (3-6). As the results with the control membrane 
and with the membrane with protein adsorbed are almost identical this would suggest 
that the signal difference is due to ANS removal with the membrane material and not 
due to reaction with the protein adsorbed. It is thought that the BSA that is strongly 
adsorbed to the membrane does not react with the ANS. If this was the case then the 
most likely explanation is that the reaction mechanism of the ANS with the 
hydrophobic sites of the BSA as suggested by Edelman & Mc elure (1968) has been 
haIted due to the interaction of the BSA with the membrane surface and that the 
hydrophobic sites of the BSA have become inaccessible to the ANS after adsorption 
to the membrane suggesting that they could be involved in the interaction of the 
protein to the membrane. 
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6.4.4 Studies of the surface hydrophobicity of protein molecules from theoretical 
molecular structures 
The examination of protein hydrophobicity using theoretical models for protein 
structures is to my knowledge a completely novel approach. The three-dimensional 
coordinates used for this technique were obtained from the Protein Databank (PDB). It 
must be noted that BSA has yet to be defined in such a manner and so the data for the 
HSA (Human Serum Albumin) molecule was used. BSA and HSA are closely related 
and thought to have a structure similar to each other, with only minor differences 
(Kumar and Tolosa, 1993). For example BSA has two TYR residues, one near the 
surface of the protein the other in the interior, in contrast to the single TYR residue 
present in HSA. BSA also has a high degree of a-helical content that is thought to lie 
on the surface of a hypothetical cylinder with an open channel running along the long 
axis. 
Again casein has yet to be defined however a pre-cursor casein-kinase has been 
defined and this molecule was used in this investigation. 
As this method was completely new, a number of different approaches were attempted 
(Section 4.5.4.1). 
6.4.4.1 Classification of atoms using molecular graphics software 
The surface of each protein was analysed using the molecular graphics package 
'RasmoI' in terms of the surface polar and non polar atoms where polar atoms were 
defined as oxygen and nitrogen and non polar all the surface carbon atoms. The 
percentage surface hydrophobicity for the five proteins (Table 14, Section 5.7) using 
this method were found to be very similar, between 56-59%. This value is quite high 
as theory considers that the orientation of hydrophobic sites towards the internal part 
of the molecule offers the most stable configuration. This approach does not take into 
account interactions between atoms to form hydrophobic I hydrophilic sites thus 
accounting for the unexpected high value for the % surface hydrophobicity. For this 
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reason this approach was not considered to give a reali stic value of surface 
hydrophobicity of the protein molecules and thus will not be considered in relation to 
mass of protein adsorbed to the membrane. 
6.4.4.2 Classification of surface amino acids using molecnlar graphics software 
The second approach applied classified the sUlface in terms of polar and non-polar 
amino acids. Again this relies on whether the software considers an amino acid to be 
' surface ' (any part of the residue exposed to the surface) or ' buried ' , completely 
hidden from the surface. Based on the Tanford Scales for amino acid classification as 
hydrophobic / hydrophilic, the percentage surface hydrophobic sites were calculated 
and given in Table 15 (Section 5.7). The results are much lower than those obtained 
using the atom approach, 7-1 6 %. These values seem more realistic in terms of the 
theory of protein structure. The relationship between the values determined for the 
surface hydrophobicity of the protein and the mass of protein adsorbed to the 
membranes surface was considered and a graph plotted of % theoretical surface 
hydrophobicity against mass adsorbed at 2% protein concentration for each membrane 
(Graph 48) 
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Graph 48: The relationship between % theoretical surface hydrophobicity and mass 
adsorbed (at saturation) with different membrane types. 
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It is observed that there is a direct relationship between the mass of protein adsorbed 
to the hydrophobic FP membrane and the surface hydrophobicity i.e. an increase in 
protein hydrophobicity results in an increased mass of protein adsorbed at the 
saturation point. The results for the PS membrane are similar with the exception of 
casein and pepsin however the results for this membrane are very scattered. With the 
hydrophilic membranes the hydrophobicity of the protein seems to have little effect on 
the mass of protein adsorbed to the membrane. 
This approach combines the hydrophobicity scales of Tanford, while considering the 
three dimensional tertiary structure of the protein molecule a method never achieved 
before. 
6.4.4.3 Surface hydrophobicity determination from contact area calculations 
The same three-dimensional coordinates as used previously, were used in a different 
approach utilising a software programme developed by Hubbard and Thomton in 
1993. An imaginary probe of a given radius in this case a water molecule of 1.4 A is 
rolled around the surface of the molecule, the path traced out being referred to as the 
solvent accessible surface. The results are given in Section 5.7.4. 
1. Classification of the molecule contact surface area in terms of atoms 
Table 18 (Section 5.7.3) shows the results from the Naccess program of the total 
accessible hydrophobic surface, when the atoms are classified as previously described 
(nitrogen and oxygen as polar, carbon and sulphur as non polar). These results are 
very similar to the results shown in Table 16 using the atom approach with the 
molecular graphics package in that the values for % hydrophobic atoms existing on 
the protein surface all lie between 50-60%. Again this value is quite high if an 
energetically stable configuration for the protein is considered. This approach does not 
take into account the interactions between individual atoms to produce hydrophobic I 
hydrophilic sites and as it is thought that this will occur in reality this approach will 
not be considered to give a true value for the surface hydrophobicity of the protein 
molecule and thus the results will not be considered in relation to the adsorption of the 
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proteins to the membrane surface. 
2. Classification of molecule contact surface area in terms of amino acids 
Table 19 (Section 5.7.3) shows the results from the Naccess program of the total 
accessible hydrophobic surface area when the amino acids residues are defined as 
either polar or non-polar using the results of Tanford (1961) . The results are over 
twice those results of the previous method using the number of atoms in the 
hydrophobic amino acids, ranging from 19-30% hydrophobic surface area (7- 16% 
previously, Table 17, Section 5.7.3). The difference between the two results is that the 
previous approach did not take into account the degree of exposure of each atom to 
the surface so it is thought that this method will g ive a more realistic va lue of the 
proteins surface hydrophobicity. Comparing the values, pepsin still results in the 
highest % hydrophobic surface area, with casein and ovalbumin having similar results 
however that is where the simi larity ends. HSA is also seen to have a simi lar surface 
hydrophobicity to casein and ovalbumin whereas previously its value was somewhat 
lower. These results assign lysozyme with the lowest % hydrophobic surface area. ill 
an attempt to relate these value of surface hydrophobicity to the extent of protein 
adsorption onto the membrane surfaces a g raph was drawn plotting the average mass 
of protein adsorbed on each membrane at the saturation point against the % surface 
hydrophobicity (area) and is shown in Graph 49. 
~ 900 
'"I 800 e 
" 700 .. 
::!.. 600 ~
..., 500 .. 
,Q 400 .. 
co 300 
'" ..., 
" 
200 
'" 
'" 100 
" ~ 0 
15 17 
Lysozyme 
• • 
I 
19 21 
HSA& 
Ovalbumin 
• 
• 
• 
• 
• 
23 
Pepsin 
• 
Casein 
• 
• 
• 
I I 
25 27 29 31 
Theoretical sUI·face hydl·ophobicity (% area) 
l . FP ET e CA I 
Graph 49: Graph showing the relationship between theoretically determined surface 
hydrophobicity and the extent of protein adsorption onto different membranes. 
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From Graph 49 it is evident that there is no direct relationship between the surface 
hydrophobicity of the protein and the amount of protein adsorbed to the membrane 
surface as the results for all membranes are fairly scattered. 
6.4.5 Overall 
None of the approaches used to determine the surface hydrophobicity of the protein 
could be directly related to the amount of protein adsorbed to the membrane. The 
theory that the higher the value assigned to protein surface hydrophobicity the greater 
the mass of protein adsorbed to the membrane has been disproved. However it has 
been shown that the value of protein surface hydrophobicity depends on the method 
used to determine it. 
Two new approaches (Section 4.5.4) have been postulated for the evaluation of 
protein hydrophobicity combining the theoretical three dimensional protein structure 
with the Tanford scales for assigning a value of hydrophobicity to an amino acid 
residue which it is thought result in realistic values for protein surface hydrophobicity. 
L. M. Ayre, Ph.D. Thesis 189 
Chapter 6. Discussion 
6.5 Ff-IR Analysis 
6.5.1 DRIFT FT-IR analysis of protein powders 
The Drift Ff -IR spectra of the five protein powders were obtained using the method 
described in Section 4.6.2 and the results shown in Section 5.8. 
With the Ff-IR measurements it was seen that the peak absorbance bands obtained for 
the amide I and II spectra were in the range 1658-1668 and 1532-1541 cm· l . 
Deconvolution of the amide I band is said to give an indication of the secondary 
structure of the protein molecule (Pihlajamaki et al, 1998). The results of the 
deconvolution of the amide I absorbance band of the protein solids is given in Section 
5.8.2. 
6.5.1.1 General assignment of the deconvoluted amide I components 
Table 21, Section 5.8.2, summarises the amide I components of the five proteins when 
analysed in the solid form using DRIFf Fr-IR. Byler and Susi (1986) suggested that 
beta components exist between 1620-1640 cm· l . An identification for the band 
observed in casein and pepsin at 1607 cm-I can not be found in the literature but as the 
integrated area of the component band is small (6%) compared with the other 
constituents it will be ignored for the purposes of this analysis. The component 
observed around 1654 cm·1 is associated with helical segments while a component 
observed in most proteins close to 1645 cm-I is assigned to unordered segments. The 
component bands at 1620, 1625, 1631 and 1640 and 1674 cm-I are assigned to ~-sheet 
structure. Applying these band assignments to the components and calculation of the 
integrated areas of each component (Appendix DJ) a quantitative estimation of the 
secondary structure of the adsorbed proteins may be obtained and is given in Table 37. 
It can be seen from Table 37 that the resultant component structures do not total 
100%. The remainder of the component structures corresponds to the absorbance 
bands at higher wave numbers (1670, 1685 and 1698 cm-I) which correspond to turns 
and bends. 
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Protein % a-helix % ~ -structure % Unordered 
BSA 22 40 23 
Casein 16 25 0 
Lysozyme 15 27 10 
Ovalbumin 14 48 19 
Pepsin 23 10 20 
Table 37: A quantitative estimation of the secondary structure components of 
protein solids using DRIFT Fr-IR analysis. 
These results will be compared with the results from proteins adsorbed onto 
membrane surfaces in the following sections. 
6.5.2 ATR Fr-IR of proteins adsorbed to FP membranes 
The Fr-IR spectra of the proteins adsorbed to the FP membranes and of the FP 
membrane itself were obtained using the method detailed in Section 4.6.3. The results 
are given in Section 5.8.3. 
6.5.2.1 The FP control membrane 
The absorbance bands of the FP membrane are given in Table 22 (Section 5.8.3) along 
with the possible functional group assignment. From manufacturer's literature, it is 
known that the membrane is composed of a fluoro-polymer material. The Fr-IR 
spectrum of the membrane provides greater knowledge about the membrane material. 
Fluorine compounds are known to have absorbance bands at frequencies between 
1400 - 1000 cm-I and 1100-1000 cm-I. It is thought that the peaks centred around 
1401,1277,1183 and 1074 cm-I are due to saturated and unsaturated C-F and C-F2 
bonds while those centred around 842 and 879 cm-l are thought to be due to the C-H 
rocking vibration and C-H stretch respectively. This would be indicative of a 
membrane material of the type: 
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Figure 17: Possible molecular structure ofthe FP membrane 
The hydrophobic nature of the FP membrane may be attributed to the non-polar 
properties of its constituent CH2 groups. 
6.5.2.2 Protein adsorbed onto FP membranes 
The results of the spectra obtained for proteins adsorbed onto FP membranes are 
shown in Graph 30 and enlarged in Graph 31 (Section 5.8.3). The frequency of the 
absorbance bands of the amide I and IT groups summarised in Table 23. 
Observing the spectra of the adsorbed proteins it is seen in all cases that the 
characteristic protein bands of the amide I and amide II groups are distinguishable 
from the spectrum of the control membrane (shown in black Graphs 30 and 31). The 
intensity of the peaks may be taken as a quantitative indication of the amount of . 
protein present (Pihlajamaki et aI, 1998). Applying a baseline between 1470 cm-· and 
1750 cm-I allows a comparison between the spectra. Graph 31 shows that the 
intensities of the BSA absorbance bands are lower than those of the other proteins. 
This fits well with the results of the isotherm determination using the Lowry assay in 
which BSA was found to have the lowest mass adsorbed to the membrane surface. It 
is also seen that casein and lysozyme have similar peak intensity_ This also compares 
with the results in section 5.2. An anomaly is observed in the intensity of the 
ovalbumin and pepsin peaks. During the determination of the adsorption isotherms, 
pepsin was found to have a greater mass adsorbed onto the membrane surface than 
any of the other proteins, however the FT-IR results indicate that it may be adsorbed 
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to a similar extent to the lysozyme and casein, while ovalbumin has the greatest mass 
present on the surface of the protein. An explanation for the difference in results may 
be due to the experimental technique of the ATR as factors such as contact between 
the crystal and the sample and positioning of the sample may also affect peak 
intensities. 
A comparison of the amide I and amide II absorbance bands of the proteins both as a 
solid powder and when adsorbed onto the FP membrane was made and is summarised 
in Table 38 and presented graphically for BSA in Graph 50. 
Protein Solid Protein Adsorbed onto Difference 
(cm·I ) FP membrane (cm·I ) 
(cm·I ) 
Amide I AmideII Amide I AmideII Amide I AmideII 
BSA 1661 1540 1652 1543 -9 +3 
Casein 1663 1533 1649 1543 -14 +10 
Ovalbumin 1658 1539 1649 1541 -9 +2 
Pepsin 1654 1541 1647 1541 -7 0 
Lysozyme 1659 1535 1652 1544 -7 +9 
Table 38: Comparison of peak positions of the amide I and amide II bands of the 
proteins both solid and when adsorbed to an FP membrane. 
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Graph 50: Comparison of the amide I and II absorbance bands of BSA solid and BSA 
adsorbed to an FP membrane 
6.5.2.3 Comparison of the amide I bands 
11 is seen that in all the proteins the frequency of the maximum absorbance of the 
amide I band is shifted to a lower value. This occurs to the greatest extent with casein 
with an approximate 14 cnf l shift in wave number. A similar shift of7-9 cm·1 is seen 
with the other proteins. The shift in wave number may be indicative of a change the 
secondary structure of the protein molecule upon adsorption and wi ll be discussed 
further within thi s chapter. It is also observed that the amide I band is much sharper in 
the adsorbed protein using the A TR method than in the solid protein using the DRIFT 
method (BSA example, Graph 50), this is probably due to the differing methods in 
that the signal from the adsorbed protein using ATR will be of a greater intensity then 
the signal from the DRIFT method. 
6.5.2.4 Comparison of the amide]) bands 
The frequency of the maximum absorbance of the amide II bands shi fts to a higher 
position in the majority of the adsorbed proteins. However with BSA, ovalbumin and 
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pepsin it is within one standard deviation of the mean position, but with casein and 
lysozyme the shift is 10 cm-! and is considered significant so may also be indicative of 
structural alterations in the adsorbed protein. 
6.5.2.5 General assignment of the deconvoluted amide I components 
In order to assess the structural differences between the protein solid and the protein 
adsorbed onto the FP membrane the amide I absorbance band was deconvoluted using 
a method similar to that of Byler and Susi (1986) as described in Section 5.8.2. 
The results for deconvoluted amide I band of protein adsorbed to FP membranes are 
shown in Graphs 32-36 (Section 5.8.3) and summarised in Table 24. 
Byler and Susi (1986) suggested that beta components exist between 1620-1640 cm-! 
and 1670-1680 cm-I. The component observed around 1654 cm-! is associated with 
helical segments while a component observed in most proteins close to 1645 cm-! is 
assigned to unordered segments. The component bands at 1669, 1684 and 1691 cm-! 
can be assigned to turns. Applying these band assignments to the components and 
calculation of the integrated areas of each component (Appendix D.2) a quantitative 
estimation of the secondary structure of the adsorbed proteins may be obtained and is 
given in Table 39. 
Protein % ex-helix % ~ -structure % Unordered 
BSA 43 39 0 
Casein 27 14 8 
Lysozyme 41 27 9 
Ovalbumin 32 27 8 
Pepsin 24 38 28 
Table 39: Quantitative estimatIOn of the secondary structure of the five proteins 
adsorbed onto FP membranes. 
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6.5.2.6 Comparison of the secondary structure of protein solids and protein 
adsorbed onto an FP membrane 
BSA 
Comparing the peak positions of the deconvoluted components of the solid and 
adsorbed BSA, it is seen that there are notable differences. First of all the amide I 
band of the solid BSA is composed of eight components while that of the adsorbed 
protein only has six. Both the solid and adsorbed BSA contain four bands associated 
with an extended chain structure (three Iow components and one high component) 
although the positions in some cases are slightly different and thus the proportion of 
~-structure within the protein remains similar at 40%. Both forms of BSA exhibit a a-
helix component however the proportion is much lower in the solid form The 
difference seems to be due to the presence of an unordered structure associated with 
the band appearing at 1645 cm·! in the solid structure, while no such band exists in the 
adsorbed form. From the results using this method it seems likely that the unordered 
structure of the solid protein is transformed into a a-helical type structure upon 
adsorption to the FP membrane surface. 
Casein 
Casein solid was found to contain eight absorbance bands in its deconvoluted spectra, 
two more than was found with adsorbed casein. Comparing the positions of the bands 
a new band appeared at 1607 cm·! for which an assignment could not be made. The 
solid casein had three bands assigned to ~-sheets an extra band at 1640 cm·! whereas 
the adsorbed protein had only two. The j3-sheet composition decreased from 25 to 
14% when adsorbed to the membrane. The: unordered structural component existing in 
the adsorbed casein is not visible in the solid powder. Neither set of results for the 
casein powder or the adsorbed casein could be matched with those of Byler and Susi 
(1986), who found that casein dissolved in deuterium oxide only had two component 
bands in the deconvoluted amide I band existing at 1644 cm·! and 1671 cm·!. 
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Lysozyme 
The lysozyme solid was found to contain an additional structural component in the 
deconvoluted amide I compared to that of the adsorbed protein (at 1694 cm· I ). The 
bands associated with the ~-sheet structure, <x-helix and unordered structures are 
almost at identical wave numbers. Comparing the proportions of the structural 
components in the two forms it is observed that the proportion of ~-sheet and 
unordered structures remains the same however an increase of 14% in the <x-helix 
content occurs during the adsorption of the lysozyme onto the membrane surface with 
the loss in the turns and bends structure. Comparing both sets of results with those of 
Byler and Susi (1986) with lysozyme dissolved in deuterium oxide, the results of the 
adsorbed lysozyme seem comparable to their results in that they determined a ~-sheet 
composition of 21 % (in this experiment 27%) and an <x-helix composition of 41 % 
(43% in this experiment) providing confidence in the method being applied. 
Ovalbumin 
Adsorption of the ovalbumin to the membrane surface resulted in the loss of two 
component bands of the deconvoluted amide I band. These were at 1615 and 1678cm·1 
wave numbers, i.e. those bands associated with ~-sheet structures. Comparing the 
composition of the amide I bands it is seen that the <x-helix and the ~-sheet and 
unordered structure compositions change dramatically upon adsorption with an 18% 
decrease in the <x-helix content a 21 % decrease in ~-sheet component and a 10% 
increase in the unordered structure composition. 
Pepsin 
Both the solid and adsorbed pepsin were found to contain seven components to the 
deconvoluted amide I band. Slight differences in the positions of the band were 
observed in that there was an appearance of the higher wave number component 
associated with ~-sheets at around 1677 cm"1 in the adsorbed protein and the loss of 
the band at 1685 cm"1 associated with turns and bends. The <x-helix composition of the 
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two forms of the protein were found to be almost identical at 23% however there was 
a loss in the ~-sheet structure in the adsorbed protein (18%) with a gain in the 
unordered structure (8%). 
Overall 
Comparing the results of the deconvolution of the amide I band of the solid and 
adsorbed proteins it is seen in every case that there is a change in composition of the 
protein structure and in every case the change is unique, suggesting that the proteins 
do undergo a conformational change upon adsorption to a membrane surface and that 
the change is unique to the protein - membrane surface being studied. 
6.5.2.7 Analysis of the support layer of the FP membrane 
From Graph 37, Section 5.8.3.2 it can be seen that the support layer of the membrane 
does not have any IR absorbance band in the region 2000-800 cm· l • It is also observed 
that the intensity of the amide I and IT peaks of the protein adsorbed onto the support 
layer are small in comparison to the intensity of those adsorbed onto the active layer 
suggesting that during the contact time of the protein with the membrane the degree of 
adsorption of the protein onto the support layer is negligible compared with the 
protein adsorption onto the active layer and thus will not be considered further in the 
course of this investigation. 
6.5.3 ATR FT·IR of proteins adsorbed to PS membranes 
The FT-IR spectra of the proteins adsorbed to the PS membranes and of the PS 
membrane itself were obtained using the method detailed in section 4.6.3 The results 
are given in Section 5.8.4. 
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6.5.3.1 The Control membrane 
The absorbance bands of the PS membrane are given in Table 25 along with the 
possible functional group assignment. From manufacturer's literature, it is known that 
the membrane is a polysulphone material. The FT-IR spectrum of the membrane 
provides greater knowledge about the membrane material and the absorbance bands 
obtained from FT -IR analysis have been extensively studied (Pihlajamaki et ai, 1998) 
and are given in Table 25 (Section 5.8.4). 
The results of analysis of the PS membrane are comparative with those of Pihlajamaki 
et al (1998) and indicate a material of the type: 
o 
11 
S o 
11 
o 
Figure 18: Possible molecular structure of the PS membrane 
The hydrophobic nature of the PS membrane may be attributed to the non-polar 
properties of its constituents. 
6.5.3.2 Protein adsorbed onto PS membranes 
The results of the spectra obtained for proteins adsorbed onto PS membranes are 
shown in Graph 38 and an enhanced version in Graph 39 (Section 5.8.4). It can be 
seen from the results that with the PS membrane only the amide I absorbance band of 
the protein is distinguishable from the membrane absorbance bands and thus for the 
purposes of this investigation the amide I band will be the only part of the spectra 
studied. The frequency position of the absorbance peaks of the amide I groups are 
summarised in Table 26 (Section 5.8.4). 
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A comparison of the intensity of the amide I peak may be taken as a quantitative 
indication of the amount of protein present (Pihlajamaki et ai, 1998). Applying a 
baseline between 1700 cm·! and 1600 cm·! allows a comparison between the spectra. 
Graph 39 (Section 5.8.4) shows that the intensity of the BSA absorbance bands are 
lower than those of the other proteins. This compares with the results of the isotherm 
determination using the Lowry assay in which BSA was found to have the lowest 
mass adsorbed to the membrane surface. It is also seen that casein and lysozyme have 
similar peak intensity. This also compares with the results in Section 5.2. An anomaly 
is observed in the intensity of the ovalbumin and pepsin peaks. During the 
determination of the adsorption isotherms, pepsin was found to have a greater mass 
adsorbed onto the membrane surface than any of the other proteins, however the Ff-
IR results indicate that it may be adsorbed to a similar extent to the lysozyme and 
casein, while ovalbumin has the greatest mass present on the surface of the protein. 
An explanation for the difference in results may be due to the experimental technique 
of the A TR as factors such as contact between the crystal and the sample and 
positioning of the sample may also affect peak intensities. 
A comparison of the amide I absorbance bands of the proteins both as a solid powder 
and when adsorbed onto the PS membrane was made and is summarised in Table 40 
and an example for BSA represented graphically in Graph 51. 
Protein Amide I Amide I Difference 
Solid Protein Adsorbed onto (cm·l ) 
(cm·l ) PS membrane 
(cm·l ) 
BSA 1663 1654 +9 
Casein 1668 1654 +14 
Ovalbumin 1663 1659 +4 
Pepsin 1658 1656 +2 
Lysozyme 1660 1656 +4 
.. Table 40: Companson of peak posItIons of the amIde I band of the protems both solId 
and when adsorbed to an PS membrane. 
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6.5.3.3 Comparison of the amide I bands 
It is seen that in all the proteins the frequency of the maxi mum absorbance of the 
amide [ band is shifted to a lower value. This occurs to the greatest extent with casein 
with an approximate 14 cm" shift in wave number. A similar shift of 9 cm" is seen 
with BSA however with ovalbumin, lysozyme and pepsin the shift is only 2 - 4cm-' . 
The shift in wave number may be indicative of a change the secondary structure of the 
protein molecule upon adsorption and will be discussed further within this chapter. It 
is also observed that the amide [ band is much sharper in the adsorbed protein using 
the ATR method than in the solid protein using the DRIFT method (BSA example 
shown in Graph 51 and the shape of the amide I band is also diffe rent. This may also 
indicate a change in the secondary structure of the protein upon adsorption. 
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6.5.3.4 General assignment of the deconvoluted amide I components 
In order to assess the structural differences between the protein solid and the protein 
adsorbed onto the PS membrane the amide I absorbance band was deconvoluted using 
a method similar to that of Byler and Susi (1986) as described in section 5.8.2. 
The results for the deconvoluted amide I band of protein adsorbed to PS membranes 
are given in Appendix D.3 and summarised in Table 40. 
Table 27 (Section 5.8.4.1) summarises the amide I components of the five proteins 
when adsorbed onto the PS membrane. Byler and Susi (1986) suggested that beta 
components exist between 1620-1640 cm·! and 1670-1680 cm·!. The component 
observed around 1654 cm·! is associated with helical segments while a component 
observed in most proteins close to 1645 cm·! is assigned to unordered segments. The 
component bands at 1669, 1684 and 1691 can be assigned to turns. Applying these 
band assignments to the components and calculation of the integrated areas of each 
component (Appendix D.3) a quantitative estimation of the secondary structure of the 
adsorbed proteins may be obtained and is given in Table 41. 
Protein % a-helix % ~ -structure % Unordered 
BSA 15 49 12 
Casein 18 53 18 
Lysozyme 31 11 18 
Ovalbumin 21 24 14 
Pepsin 18 27 17 
Table 41: Quantitative estimation of the secondary structure of the five proteins 
adsorbed onto PS membranes. 
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6.5.3.5 Comparison of the secondary structure of solid protein and protein 
adsorbed onto an PS membrane 
BSA 
Comparing the peak positions of the deconvoluted components of the solid and 
adsorbed BSA, it is seen that there are notable differences. First of all the amide I 
band of the solid BSA is composed of eight components while that of the adsorbed 
protein only has six. The solid protein is determined to have four absorbance bands 
associated with the extended chain structure while the adsorbed protein only has three, 
at different frequencies (with the exception of the high component at approximately 
1674 cm-I). Comparison of the proportion of ~-structure component within the protein 
results in the adsorbed BSA containing a slightly greater proportion (49% compared 
with 40%) than contained in the solid protein. Both forms of the BSA exhibit a u-
helix component however the proportion is slightly lower in the adsorbed state (15% 
compared to 22% in the solid form). Both the adsorbed and solid BSA contain some 
degree of unordered structure however the proportion in the adsorbed protein is half 
that of the solid protein. From the results using this method it seems likely that the 
protein has undergone some structural rearrangement upon adsorption to the PS 
membrane however it is not to such a degree as that exhibited in the case of an FP 
membrane. 
Casein 
Casein solid was found to contain eight absorbance bands in its deconvolved spectra, 
one more than was found with adsorbed casein. On comparing the positions of the 
bands a band at 1607 cm-I was observed in the solid casein for which an assignment 
could not be made. The solid casein has three bands assigned to ~-sheets whereas the 
adsorbed protein was found to have four, an extra band existing at 1677 cm-I. The 
overall ~-sheet composition was found to increase greatly upon adsorption to the PS 
membrane having over double the percentage ~-structure of that observed in the solid 
protein. As observed with the adsorption of casein onto the FP membrane, an 
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unordered structural component is observed in the casein adsorbed to the PS 
membrane which is not visible in the solid powder. Once again the results for casein 
adsorbed to a PS membrane did not compare with those of Byler and Susi (1986), who 
found that casein dissolved in deuterium oxide only had two component bands in the 
deconvoluted amide I band existing at 1644 cm'l and 1671 cm'l. 
Lysozyme 
Both the lysozyme solid and adsorbed lysozyme were found to contain eight 
component bands in the deconvoluted spectra of the amide I band however there are 
differences between the peak positions. For example the solid casein was found to be 
composed of three absorbance bands which could be assigned to the ~-sheet structure 
whereas with the adsorbed protein there were only two components. This resulted in 
the solid lysozyme having a larger (27%) proportion of its secondary structure 
assigned to the f3 structure than was found with the adsorbed protein (11 %). Both 
forms of the protein were found to have components that could be assigned to 
unordered and a-helices however to different extents. In the solid protein the 
unordered structural component was found to be 10% of the secondary structure 
whereas in the adsorbed protein was found to contain 18%. With the a-helix 
component there was found to be a greater proportion existing in the adsorbed form 
(31%) than in the solid form (15%). Comparing both sets of results with those of 
Byler and Susi (1986) with lysozyme dissolved in deuterium oxide, neither result are 
comparable to their results. 
Ovalbumin 
Both the adsorbed and the solid ovalbumin deconvoluted amide I band consisted of 
eight component bands. As well as having three low component bands assigned to the 
f3-sheet structure, the solid form was determined to have an additional band at 1678 
cm'l to be assigned to the f3-sheet structure. A comparison of the overall proportion of 
f3-sheet structure in the two states showed that the adsorbed protein had half the 
proportion (24%) of this type of secondary structure than existed in the solid protein 
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(48%). Both foans of the protein have the component band assigned to an unordered 
structure ant the proportion is also similar (19 % - solid, 14% adsorbed). The a-helix 
proportion is also slightly lower (7%) in the solid protein than the adsorbed protein. 
Pepsin 
The adsorbed pepsin was found to contain one more component band than the solid 
protein deconvolved amide I band. Large differences in the positions of the bands 
were observed in that there was an appearance of the higher wave number component 
associated with l3-sheet structure at around 1677 cm· l in the adsorbed protein and the 
loss of the band at 1660 cm· l associated with turns and bends. The a-helix 
composition of the two foans of the protein were found to be very similar with 23% in 
the solid and 18% in the adsorbed however there was an increase in the l3-sheet 
structure in the adsorbed protein (17%). The unordered structure percentage of the two 
foans was also found to be similar (17%-adsorbed, 20% solid). 
Overall 
Comparing the results of the deconvolution of the amide I band of the solid and 
adsorbed proteins it is seen in every case that there is a change in composition of the 
protein structure and every case the change is unique, suggesting that the proteins do 
undergo a confoanational change upon adsorption to a membrane surface and that the 
change is unique to the protein - membrane surface being studied. 
6.5.4 ATR FT·IR of proteins adsorbed to ET membranes 
The FT-IR spectra of the proteins adsorbed onto ET membranes and of the ET 
membrane itself were obtained using the method detailed in Section 4.6.3.2. The 
results are given in Section 5.8.5. 
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6.5.4.1 The control ET membrane 
The absorbance bands of the ET membrane are given in Table 28 along with the 
possible functional group assignment. From manufacturer's literature, it is known that 
the membrane is hydrophilic-coated, possibly with a fluoro-polymer base material as 
the absorbance bands of the two membranes are almost identical, therefore it is not 
possible to establish the nature of the hydrophilic coating. 
6.5.4.2 Protein adsorbed onto ET membranes 
The results of the spectra obtained for proteins adsorbed onto the ET membranes are 
shown in Graph 41 with an enhanced version in Graph 42 (Section 5.8.5). It can be 
seen from the results that as with the FP membrane both the amide I and amide IT 
absorbance bands are distinguishable from the membrane absorbance bands and thus 
for the purposes of this investigation will be the only part of the spectra studied. The 
frequency position of the absorbance peaks of the amide I and IT groups are 
summarised in Table 29, Section 5.8.5. 
A comparison of the intensity of the amide I peak may be taken as a quantitative 
indication of the amount of protein present (Pihlajamaki et al, 1998). Applying a 
baseline between 1750 cm·! and 1450 cm·! allows a comparison between the spectra. 
In the case of protein adsorption onto the ET membrane surface no relationship is 
observed between the relative intensities of the amide I and IT absorbance bands and 
the quantity of protein adsorbed during contact with a 2% solution. An explanation 
for such a results may be due to the experimental technique of the ATR as factors such 
as contact between the crystal and the sample and positioning of the sample may also 
affect peak intensities. Also the mass of protein adsorbed during contact with a 2% 
protein solution are very similar with the different proteins all being in the range (132-
208 llg/cm2) and thus, after taking experimental factors into consideration, may not be 
distinguishable. 
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A comparison of the amide I and amide IT absorbance bands of the proteins both as a 
solid powder and when adsorbed onto the FP membrane was made and is summarised 
in Table 42 and 43. 
Protein Amide I Amide I Difference 
Solid Protein Adsorbed onto (cm·l ) 
(cm-I) ET membrane 
(cm·l ) 
BSA 1663 1651 +11 
Casein 1668 1650 +18 
Ovalbumin 1663 1653 +10 
Pepsin 1658 1650 +8 
Lysozyme 1660 1647 +13 
Table 42: Comparison of peak positions of the amide I band of the proteins both solid 
and when adsorbed to an ET membrane. 
Protein Amide 11 Amide 11 Difference 
Solid Protein Adsorbed onto (cm·l ) 
(cm-I) ET membrane 
(cm-I) 
BSA 1539 1547 -8 
Casein 1532 1549 -18 
Ovalbumin 1535 1545 -10 
Pepsin 1540 1544 -8 
Lysozyme 1541 1549 -8 
Table 43: Comparison of peak positions of the amide IT band of the proteins both solid 
and when adsorbed to an ET membrane. 
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6.5.4.3 Comparison of the amide I bands 
It is seen that in all the proteins the frequency of the maximum absorbance of the 
amide I band is shifted to a lower value. This occurs to the greatest extent with casein 
with an approximate 18 cm'! shift in wave number. A similar shift of between 8 - 13 
cm'! is seen with the other four proteins. The shift in wave number may be indicative 
of a change the secondary structure of the protein molecule upon adsorption and will 
be discussed further within this chapter. It is also observed that the amide I band is 
much sharper in the adsorbed protein using the ATR method than in the solid protein 
using the DRIFT method and the shape of the amide I band is also different. This may 
also indicate a change in the secondary structure of the protein upon adsorption. 
6.5.4.4 Comparison of the amide 11 bands 
As observed in the amide I band of the adsorbed and solid protein there is a shift in the 
frequency of the amide 11 bands. However in all cases this is to a higher wave number 
and is of similar size to that exhibited in the amide I band. 
6.5.4.5 General assignment of the deconvoluted amide I components 
In order to assess the structural differences between the protein solid and the protein 
adsorbed onto the PS membrane the amide I absorbance band was deconvoluted using 
a method similar to that of Byler and Susi (1986) as described in Section 5.8,2. 
The results for deconvoluted amide I band of protein adsorbed to ET membranes are 
given in Appendix DA and summarised in Table 30 (Section 5.8.5.1). 
Table 30, Section 5.8.5.1, summarises the amide I components of the five proteins 
when adsorbed onto the ET membrane. Byler and Susi (1986) suggested that beta 
components exist between 1620,1640 cm'! and 1670-1680 cm'!. The component 
observed around 1654 cm'! is associated with helical segments while a component 
observed in most proteins close to 1645 cm'! is assigned to unordered segments. The 
component bands at 1669, 1684 and 1691 cm'! can be assigned to turns. Applying 
these band assignments to the components and calculation of the integrated areas of 
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each component (Appendix D.4) a quantitative estimation of the secondary structure 
of the adsorbed proteins may be obtained and is given in Table 44. 
Protein % a-helix % ~ -structure % Unordered 
BSA 66 26 0 
Casein 18 31 20 
Lysozyme 44 22 0 
Ovalbumin 30 35 26 
Pepsin 31 23 26 
Table 44: Quantitative estimation of the secondary structure of the five proteins 
adsorbed onto ET membranes. 
6.5.4.6 Comparison of the secondary structure of solid protein and protein 
adsorbed onto an ET membrane 
BSA 
Comparing the peak positions of the deconvoluted components of the solid and 
adsorbed BSA, it is seen that there are notable differences. First of all the amide I 
band of the solid BSA is composed of eight components while that of the adsorbed 
protein only has five. The solid protein is determined to have four absorbance bands 
associated with the extended chain structure while the adsorbed protein only has three, 
however are at similar positions. The overall ~-sheet structure proportion is 
determined to be greater in the solid protein (40%) compared with 26% in the BSA 
adsorbed to the ET membrane. The a-helix proportion is found to triple in the 
adsorbed protein increasing from 22% to 66% while the unordered structures are 
found to no longer exist in the adsorbed protein. From the results using this method it 
seems likely that the protein has undergone some structural rearrangement upon 
adsorption to the ET membrane. 
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Casein 
Casein solid was found to contain eight absorbance bands in its deconvoluted spectra, 
while the adsorbed casein was found to contain eleven. Comparing the positions of the 
bands, the four bands assigned to the lower components of the extended chain 
structure are at similar positions however the band associated with the high 
component ~-sheet structure is absent in the solid protein, this was also evident with 
casein adsorbed to the PS membrane. The overall ~-sheet composition was found to 
increase by 6% upon adsorption to the membrane. As in the case of the FP and PS 
membrane, the ET membrane was determined to have an absorbance band associated 
with the unordered structure ('" 1648 cm-I) this band was not observed in the solid 
casein. Both the solid and adsorbed protein had an absorbance band associated with 
the a-helix and in both cases the proportion of the molecule determined to be 18%. 
Once again the results for casein adsorbed to a ET membrane did not compare with 
those of Byler and Susi (1986), who found that casein dissolved in deuterium oxide 
only had two component bands in the deconvoluted amide I band existing at 1644 
cm-I and 1671 cm-I. 
Lysozyme 
Lysozyme solid was determined to contain eight absorbance bands in the 
deconvoluted spectra of the amide I peak one more than the adsorbed lysozyme and 
the positions are almost identical with the exception of an additional band in the solid 
protein determined at 1643 cm-I. Comparing the proportions of the component 
structures revealed similar ~-sheet structure content (27% in the solid form 22% in the 
adsorbed form) whereas the a-helix proportion was found to increase greatly in the 
adsorbed form from 15% to 44%. Only the solid form of the protein was found to 
have components that could be assigned to unordered structures however this was 
quite a small proportion in the order of 10%. Comparing the results of the lysozyme 
adsorbed to ET membrane with those of Byler and Susi (1986) with lysozyme 
dissolved in deuterium oxide, it is found that the results are almost identical in that 
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they determined a ~-structure content of 21 % and 41 % a-helix structure whereas this 
investigation determined a content 22% and 44% respectively. 
Ovalbumin 
Both the adsorbed and the solid ovalbumin deconvolved amide I band consisted of 
eight component bands and all band are at almost identical frequencies. A comparison 
of the overall proportion of ~-sheet structure in the two states showed that the 
adsorbed protein had a lower proportion (35 %) of this type of secondary structure than 
existed in the solid protein (48%). Both forms of the protein have the component band 
assigned to an unordered structure and the proportion is also similar (19 % - solid, 
26% adsorbed). The a-helix proportion (14%) in the solid protein is half that 
determined in the adsorbed protein (30%). 
Pepsin 
The adsorbed pepsin was found to contain one more component band than the solid 
protein deconvolved amide I band due to the appearance of the higher wave number 
component associated with ~-sheet structure at around 1675 cm· l . The a-helix 
composition of the two forms of the protein were found to be quite similar with 23% 
in the solid and 31 % in the adsorbed however there was an increase in the ~-sheet 
structure in the adsorbed protein of 13%. The unordered structure percentage of the 
two forms was also found to be similar (26%-adsorbed, 20% solid). 
Overall 
Comparing the results of the deconvolution of the amide I band of the solid and 
adsorbed proteins it is seen in every case that there is a change in composition of the 
protein structure and every case the change is unique, suggesting that the proteins do 
undergo a conformational change upon adsorption to a membrane surface and that the 
change is unique to the protein - membrane surface being studied. 
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6.5.5 General discussion and future work 
This investigation has attempted to relate the amount of protein adsorbed onto 
different membrane surfaces to aspects of protein structure using a variety of different 
approaches. The proteins that were used during this investigation were chosen due to 
their availability and cost. Although the proteins do range in molecular mass, the 
range is somewhat limited, thus future work may include the use of larger proteins. 
Initially the proteins were contacted statically with the membrane surfaces and the 
amount of protein adsorbed to the membrane surface quantified using the method of 
Lockley et al (1988). Although this method is not novel the results obtained are new 
in that the adsorption of four additional proteins were studied (casein, ovalbumin, 
pepsin and lysozyme) with a range of molecular masses (14 500-68 000) and the 
membrane materials that were used have not been studied previously, using this 
approach. It is thought that every protein-membrane configuration will exhibit 
different adsorption characteristics and thus these results will advance the knowledge 
of specific protein-membrane adsorption. 
The graph of protein mass adsorbed to the membrane surface was plotted against 
protein solution concentration and in the majority of systems studied, followed a 
Langmuir type relationship, indicating the fonnation of a monolayer. However the 
mass adsorbed at the saturation point in the case of BSA is far greater than would be 
expected from molecular dimensions (actual mass adsorbed (200-250 Ilglcm2 for the 
PS I FP membranes, 0.25-0.84 Ilg/cm2 from molecular size). The results of this 
investigation agree with those of others (Ingham, 1979; Fane et ai, 1983; Turker & 
Hubble, 1987). An explanation for the difference in saturation values is thought to lie 
in the definition of the surface area of the membrane. In this investigation, the area of 
the top surface was used however this may not be a true value due to the existence of 
pores; the true value may be much larger. Future work could include an attempt to 
measure the actual surface area of the membrane directly using a BET technique, or 
indirectly using pore measurements and periodicity to obtain an estimation of the 
actual surface area. 
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In this investigation, no additional solutes were added to the protein solutions, future 
work could introduce an ionic solute such as NaCl to eliminate the effect of 
electrostatic interactions between the membrane and the protein to allow a comparison 
of results knowing that electrostatic interactions were not involved. A further 
possibility is to study the adsorption of the proteins at different pHs, such as using the 
protein's isoelectric point in order to study the proteins at their maximum adsorption. 
The reason why maximum adsorption occurs at the isoelectric point is that proteins 
possess a distribution of both positive and negative charges and therefore will possess 
a specific charge at given pH, thus neighbouring molecules will have similar charges 
and therefore repel each other. At the isoelectric point, the protein net charge is zero 
and therefore repulsion is at a minimum. It must be noted that this would not be 
possible with casein as it is insoluble at its isoelectric point. 
No trends were observed in the mass of each protein adsorbed to the different 
membrane materials, however if the mass adsorbed were converted into moles, 
lysozyme had the highest number of moles adsorbed to each membrane material and 
BSA the least. This suggests that molecular size may determine the number of 
molecules adsorbed to the membrane surface however this does not explain the 
differing results obtained with casein, ovalbumin and pepsin. In a diffusion limited 
system, a system with a high diffusion coefficient would suggest that molecular 
weight would be important with smaller molecular mass proteins being transported to 
the interface more efficiently than a larger molecule. Perhaps molecular size is a 
determining factor in the mass of protein adsorbed to the membranes with proteins 
differing greatly in molecular mass, however with relatively small differences in 
molecular mass, the size difference of the molecules is negligible and therefore the 
mass adsorbed to the membrane surface is more dependant on the conformation of the 
protein. 
In order to gain a greater insight into the matter of the conformation of the adsorbed 
protein and possible processes involved during the adsorption process, further 
investigations were carried out. 
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The first theory to be investigated was to determine whether protein conformation 
alters to such an extent upon adsorption as to induce breakage of a disulphide bridge 
which to date is a completely novel approach in the study of protein adsorption. It is a 
weB-documented phenomenon that a protein may undergo some degree of 
conformational change upon adsorption to a surface (Section 3.1.4) and the disulphide 
bridge forms an integral part of the protein structure so this hypothesis seemed quite 
feasible. In order to test this hypothesis, two different methods were applied to the 
determination of thiol groups in protein solutions and proteins adsorbed onto FP 
membranes - EBmans Reagent and a thiol quantification kit. Although numerous 
reagents exist that could be employed for the purposes of quantifying thiol groups in 
protein solutions after careful review, it was found that only these methods could be 
applied to the study of adsorbed proteins due to the presence of the membrane, as 
these methods result in the production of a coloured product. Both methods have been 
applied to quantify the thiol groups in protein solutions however never to quantifying 
the thiol groups in adsorbed protein. The amount of thiol determined in the protein 
solutions was found to be entirely dependant on the accessibility of the thiol groups 
within the protein. This was indicated by the different results obtained from 
experiments performed with and without the denaturant, 8 M urea and from the 
different results between the two methods and the results found from other studies. 
However a comparison between the thiol determined in the protein solution and 
adsorbed protein revealed no significant differences between the thiol content of the 
two forms of the protein or in some cases, a decrease in the thiol content in the 
adsorbed protein. These results indicated that no disulphide bridges were broken 
during the adsorption proc~ss or if this did occur that the product was not the free SH 
reagents. Any decrease in the free thiol content of the adsorbed protein indicated that 
the protein might have undergone a conformational change upon adsorption rendering 
the thiol groups inaccessible to the reagents. 
On the whole, this part of the investigation showed that it unlikely that the change in 
protein conformation upon adsorption is not to such an extent as to induce breakage of 
the disulphide bridges. 
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Future work in this area could include the development of a method to study protein 
solutions and adsorbed protein with differential scanning calorimetry (DSC). This 
would allow a comparison of the energy contained within both forms of protein and 
would in theory indicate if disulphide bridges have been broken during the adsorption 
process. 
The second area of investigation was to test if there is any relationship between the 
protein hydrophobicity and the amount of protein adsorbed to the membrane surface. 
It has been shown during the course of numerous adsorption investigations that the 
membrane hydrophobicity is an important factor in the amount of protein adsorbed to 
the membrane surface. Considering this information it is possible that the 
hydrophobicity of the protein itself may also affect the amount of protein adsorbed to 
the membrane surface. This is thought to be a completely unique approach in the 
study of protein adsorption onto membrane surfaces. 
As there was no standard method for measuring protein hydrophobicity, several 
approaches were attempted and the possible relationship with the amount of protein 
adsorbed to membrane surface. The different approaches were found to give very 
different results so as well as comparing the results of each method to the amount of 
protein adsorbed and to establish a possible relationship with the mass adsorbed to the 
membrane, it is necessary to discuss the validity of the method with respect to the 
hydrophobicity value determined. 
The results obtained for the average hydrophobicity of the proteins were all very 
similar and thus could not be related to the protein adsorption. That is not surprising in 
that the method uses the proportion of each amino acid with the protein molecules, 
and because proteins are normally composed of similar proportions of amino acids 
this would results in similar value of hydrophobicity. This measure of hydrophobicity 
is exactly as the name suggests - an average value. This value does not take into 
account the three-dimensional structure of the protein molecule and thus is a measure 
of the overall hydrophobicity. It does not give an indication of the position of the 
hydrophobic sites. As it is the surface of the protein that would initially be involved in 
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the adsorption process, if there is a relationship with the hydrophobicity of the protein 
molecule it is most likely that it is the surface hydrophobic sites of the protein 
molecule that would be important and not the overall hydrophobicity. 
Proteins adsorbing at an interface interact through electrostatic, hydrophobic and 
covalent bonds (during foam formation, the oxidation of sulphydryl groups to form a 
stiff viscoelastic adsorbed layer). Adsorption at interfaces has been described in terms 
of three distinct processes, namely transport from the bulk solution to the surface, 
penetration into the surface layer followed by reorganisation in the structure of the 
protein in the adsorbed layer. The surface hydrophobicity influences the initial surface 
activity of a protein and therefore its capability for rapid formation of a stable 
interface. 
In the initial stage of protein adsorption, the molecules travel to the surface by 
diffusion and convection. Saraga (1981) suggested a barrier to adsorption develops as 
proteins become closely packed at the interface and that the barrier to adsorption is 
related to surface denaturation of the protein, which is determined by the surface water 
activity. A protein with high surface hydrophobicity in theory will therefore increase 
the .surface pressure rapidly, due to its high affinity for the surface and hence have a 
Iow rate of desorption and hence an adsorbed layer with greater stability. 
Again there are many techniques, developed to measure the surface hydrophobicity of 
the protein molecule (reviewed in Section 3.2.3.2). The method using 1,8 ANS 
developed by (Kato & Nakai, 1980), has proved popular in the study of the surface 
hydrophobicity of proteins and was applied in this investigation to obtain values of 
surface hydrophobicity for the proteins being studied and these values then related to 
the mass of protein adsorbed onto the membrane, an approach previously not taken in 
the study of protein adsorption. This probe has high quantum yields of fluorescence in 
organic solvents but not in water, hence they fluoresce when bound to relatively 
hydrophobic cavities in proteins, thus the fluorescence measurement obtained should 
in theory be directly proportional to the surface hydrophobicity of the protein. 
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The results obtained for the surface hydrophobicity of the proteins compared with 
those of other investigations. However, the value of surface hydrophobicity 
determined for BSA was over 20 times that of the other proteins yet it had the lowest 
mass adsorbed which indicates no relationship between the experimentally determined 
hydrophobicity and the mass of protein adsorbed onto the membrane. This may be due 
to the fact that the method employed does not give an accurate measure of the surface 
hydrophobicity of the protein. Some internally positioned sites may be accessible to 
the reagent and thus give a result above that which would relate solely to the surface 
hydrophobic sites. It is also possible that electrostatic interactions may be involved in 
the reaction of the protein with the ANS and thus the fluorescence is not only due to 
surface hydrophobicity of the protein but also to electrostatic interactions. 
The distribution, periodicity and appearance of hydrophobic sites as well as the 
location and distance between hydrophobic and hydrophilic sites may be important 
parameters, which are not represented by a simple overall value of surface 
hydrophobicity. 
An attempt was made to determine the surface hydrophobicity of BSA when adsorbed 
onto an FP membrane, as a change in the value of hydrophobicity would indicate a 
change in the conformation of the BSA molecule. This is a quite new approach to 
study the conformational changes of adsorbed protein however it could only be 
applied to BSA as this was the protein found to have a large measurable fluorescence 
signal. 
The increase in fluorescence of the ANS solution after the removal of membranes 
coated with adsorbed BSA, indicated that a portion of the BSA had been removed 
from the membrane through interaction with the ANS. Although this proportion 
removed by ANS was resistant to washing, it must be attached by different 
interactions to that protein which remains adsorbed onto the membrane i.e. two forms 
of adsorbed protein (approximately 50% of each form). This phenomenon could be 
explained by the existence of multi-layers of adsorbed protein on the membrane 
surface. The results also suggest that the ANS does not react with the protein adsorbed 
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to the membrane surface indicating that the adsorption of the BSA onto the membrane 
has resulted in a conformational change within the protein such that the hydrophobic 
sites of the protein are inaccessible to the ANS reagent. 
A completely new approach was adopted in the next area of the investigation in which 
existing theoretical models of the proteins were used to calculate values of the surface 
hydrophobicity of the proteins. To my knowledge this method of assessing the surface 
hydrophobicity of proteins is completely new, although the software utilised in the 
process has been developed elsewhere (Rasmol, a freely available molecular graphics 
package). As this method was completely new, a number of different approaches were 
attempted (Section 4.5.4.1). Defining the surface atoms as polar and non-polar proved 
unsuccessful as a method for defining the surface hydrophobicity of the protein. This 
approach resulted in the surface of the protein having a greater proportion of 
hydrophobic sites and all being very similar. As the majority of hydrophobic sites 
would be orientated towards the internal part of the molecule in order for the molecule 
to be thermodynamically stable in a real system this approach was rejected. 
It was considered more appropriate that the atoms should be considered as groups 
rather than individual entities, hence the approach to define the surface hydrophobicity 
of the protein was based on the definition that the amino acids are either polar or non-
polar (based on the Tanford Scales). Comparing the surface hydrophobicities of the 
proteins determined using this method with the mass of protein adsorbed, it was 
observed that there is a direct relationship between the mass of protein adsorbed to the 
hydrophobic FP membrane and the surface hydrophobicity i.e. an increase in protein 
hydrophobicity results in an increased mass of protein adsorbed at the saturation point. 
The results for the PS membrane are similar with the exception of casein and pepsin 
however the results for this membrane are very scattered. However the surface 
hydrophobicity of the protein does not seem to be related to the mass of protein 
adsorbed to the membranes described as hydrophilic. This approach combines the 
hydrophobicity scales of Tanford, while considering the three dimensional tertiary 
structure of the protein molecule. 
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Another approach was also considered for calculating the surface hydrophobicity 
using the surface areas of the protein molecules. Again the approach taken is new 
however the software used in this study was developed by Hubbard and Thornton 
(1993 unpublished data). An imaginary probe of a given radius in this case a water 
molecule of 1.4 A is rolled around the surface of the molecule, the path traced out 
being referred to as the solvent accessible surface. Again two approaches were taken 
in the context of this study -classification of the ~urface area in terms of polar / non-
polar atoms and the classification of the surface area of the protein in terms of amino 
acids. The results from the first approach yielded results similar to the previous results 
using the molecular graphics. Again the value obtained for the hydrophobic surface 
area was between 50-60% and for the same reasons as stated previously, this approach 
was rejected. 
The second approach used to calculate the % surface hydrophobicity in terms of the 
hydrophobic amino acids present on the molecule surface. The results are over twice 
the results of the previous method using the number of atoms in the hydrophobic 
amino acids, ranging from 19-30% hydrophobic surface area (7-16% previously, 
Table 17, Section 5.6.3). It is thought that the difference between the values obtained 
from the two different approaches is that the previous approach did not take into 
account the degree of exposure of each atom to the surface. However comparing the 
surface hydrophobicity values of the two methods, pepsin still results in the highest % 
hydrophobic surface area, with casein and ovalbumin having similar results however 
that is where the similarity ends. HSA is also seen to have a similar surface 
hydrophobicity to casein and ovalbumin whereas previously its value was somewhat 
lower. These results assign lysozyme with the lowest % hydrophobic surface area. 
When considering this fact it is thought that the second approach will give a more 
realistic value of the proteins surface hydrophobicity as it takes into account actual 
surface area rather than number of atoms within the hydrophobic amino acids. 
Relating the results of this method to the amount of protein adsorbed to the membrane 
surface revealed no direct relationship between the mass adsorbed and the surface 
hydrophobicity of the protein. As this method is considered the most definitive value 
of the surface hydrophobicity of the protein it raises suspicions that the results from 
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the previous approach which resulted in a direct relationship between protein 
adsorption onto the FP membrane and the protein surface hydrophobicity as purely 
coincidental. Despite the negative result obtained, it is considered that this method 
will be very useful in the study of surface hydrophobicity of protein molecules. 
It is thought that the surface hydrophobicity of the protein is related to the 
functionality of the protein in processes such as foaming and emulsification which 
both involve the adsorption of the protein at an air/water interface. However using a 
number of approaches to determine the hydrophobicity of proteins it seems unlikely 
that the mass of protein adsorbed at the membrane surface is related to the surface 
hydrophobicity, however it may be important in the initial adsorption process. 
If it is accepted that proteins may undergo conformational changes upon adsorption, to 
what extent does this occur? What are the nature of these conformational changes? 
Are the conformational changes the same in every protein-membrane system? These 
are only a few questions that could be asked about the adsorption of proteins onto 
ultrafiltration membranes. In an attempt to analyse further the conformational changes 
occurring during protein adsorption, the proteins were analysed in situ on the 
membrane surface using Fourier Transform Infrared (FTIR). As the absorbance band 
of water molecules overlap with the amide I bands of the protein molecule it was 
decided to use a dehydrated system comparing freeze dried protein solids with 
proteins adsorbed to membrane surfaces and subsequently freeze dried. Only three 
membranes were studied during the course of this investigation as the RC and CA 
membrane adsorption bands were found to overlap with the protein adsorption bands. 
The amide I portion of the spectra were analysed using Fourier Transform Self 
Deconvolution and then peaks fitted to the resultant spectra. The integrated areas 
under the peaks can be related to component structures within the protein molecule. 
Comparing the results obtained for the protein solids and the proteins adsorbed onto 
the FP membrane it can be seen that there is a shift to a lower wave number in the 
amide I peak suggesting a definite change in protein conformation upon adsorption to 
the membrane surface. In an attempt to identify the conformational changes in the 
protein molecule it was seen that in the BSA for example there was a loss in 
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unordered structure of the protein molecule with an increase in a-helical content of 
the BSA. However this pattern is not followed in the other proteins. For example 
casein upon adsorption results in an increase in a-helix and unordered structure with a 
decrease in f3-sheet structure. Analysing the results with the PS membrane sees 
adsorbed BSA having a secondary structure with decreased a-helix and unordered 
structure with a decrease in f3-sheet structure. It seems that although there is direct 
evidence that proteins do undergo a conformational change upon adsorption to a 
membrane surface, the nature of the change is not similar in each protein and indeed is 
different in every protein-membrane configuration, suggesting that each system would 
need to be studied separately and no prediction can be made as to the structural 
changes that do occur during protein adsorption. 
This approach could be progressed by using a wet system, such as using deuterium 
oxide as the solvent, however it must be noted that deuterium oxide causes distortions 
and shifts in the shape and position of the amide I band of the protein molecule. In 
addition to this, the characteristics of a protein with an extreme structure could be 
studied such as collagen which has a high a-helical content, this would allow 
confirmation that the method employed for analysing spectra was actually effective. 
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CHAPTER 7 
CONCLUSIONS 
Ultrafiltration is an attractive alternative to traditional separation and concentration 
and separation processes in that it has Iow energy requirements, Iow temperatures no 
denaturation of biologically sensitive macromolecules. The problem associated with 
this process is the adsorption of the macromolecules to the membrane surface, causing 
blocking of the pores and a reduction of the flux rate. Ultimately the process will need 
to be halted in order for membrane cleaning or replacement, with loss in production 
time. Significant cost saving implications could be the result of studies into the 
biochemical nature of proteins upon adsorption onto ultrafiltration membranes in that 
a greater understanding of the adsorption process would aid the development of 
membrane materials and a prediction of how the solutes would be adsorbed onto a 
surface. This work attempted to establish whether there is a trend in the mass of 
protein adsorbed to different membrane surfaces in order to predict adsorption 
characteristics of proteins. The conclusions drawn from this investigation are as 
follows:-
Adsorption isotherm determination 
• The resultant adsorption isotherms of many of the protein-membrane 
configurations were determined to follow a Langmuir type relationship. 
• Much additional information has been determined regarding the adsorption 
characteristics of different membrane-protein configurations which have not 
previously been studied. 
• No trend could be established between the mass of protein adsorbed to the 
membrane surface and the protein however when considering the amount of 
protein adsorbed in terms of moles, BSA consistently had the lowest number of 
moles adsorbed to the membrane surface while lysozyme had the largest number 
of moles adsorbed to each membrane surface. This indicates that molecular mass 
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may be a factor in determining the mass of protein adsorbed to a membrane 
surface. 
• Membrane hydrophobicity is important, a more hydrophobic membrane having a 
greater mass of protein adsorbed than a hydrophilic membrane. 
Are disulphide bridges broken during the adsorption process? 
• Neither method used gave results comparable to the theoretical values, the results 
were found to be very much dependant on the accessibility of the thiol group. 
• The results from both methods gave similar results and indicated no disulphide 
bridges are broken during the adsorption process, however a decrease in the 
detected free thiol groups upon the adsorption of ovalbumin indicates either a 
change in conformation of the protein, rendering the thiol group less accessible to 
the reagent, or that the thiol group may be involved in the binding site of the 
protein to the membrane surface. 
Protein hydrophobicity 
It was shown that the membrane hydrophobicity was important in the mass of protein 
adsorbed to the membrane surface, it was hypothesised that the protein hydrophobicity 
may also play an important role in determining the amount of protein adsorbed to the 
membrane surface. 
• The average or total hydrophobicity, was calculated for each protein and found to 
be similar (970-1320 cal I residue), thus the total hydrophobicity could not be 
related to the mass of protein adsorbed onto the membrane surfaces. This value did 
not take into account the secondary or tertiary structure of the protein molecule 
and thus was considered an inappropriate measure of the hydrophobicity. 
• The surface hydrophobicity of the protein molecules was determined 
experimentally using the hydrophobic probe ANS to range from (3-1000). These 
results compared well with those of other investigators, however no relationship 
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was established between the experimentally detennined hydrophobicity and the 
mass of protein adsorbed onto the membrane surface. 
• The results of the reaction of ANS with BSA adsorbed onto the FP membrane, 
indicated that the existence of two forms of adsorbed protein on the membrane 
surface, a loosely bound layer (approximately 50% of the total protein adsorbed) 
and a more strongly adsorbed layer, adsorbed to the membrane surface, through 
hydrophobic interactions, leaving the hydrophobic sites inaccessible to the ANS. 
• Results obtained using theoretical models of the protein molecules ranged from 7-
16 % hydrophobic surface atoms when considering the protein surface in terms of 
the number of atoms contained within polar and non-polar surface amino acids, 
and 19-30% when considering the % surface area of non-polar surface amino 
acids. These results could not be related to the mass of protein adsorbed onto the 
membrane surfaces, indicating that the surface hydrophobicity is not a controlling 
factor in detennining the mass of protein adsorbed to the membrane surface. 
However these approaches would be useful in detennining the surface 
hydrophobicity of proteins used in foaming or emulsification processes where 
surface hydrophobicity of the protein is important. 
Ff-IR analysis of solid and adsorbed proteins 
• In all adsorbed protein there was an observed shift in the amide I absorbance band 
to a lower wave number which is indicative of a secondary structure change. 
• Generally a larger shift is seen in the hydrophilic ET membrane than the 
hydrophobic FP or PS membranes, suggesting the structural changes may be 
greater in the hydrophilic membrane than the hydrophobic membrane. 
• No trend was observed in the structural changes occurring within the protein 
molecules adsorption onto the membranes, indicating that the adsorption process 
is different with every protein-membrane configuration, and may be completely 
random, depending on how the protein molecules position themselves on the 
membrane surface, thus no prediction or general rule can be applied to the 
adsorption of proteins onto membrane surfaces. 
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Overall this investigation has progressed the knowledge of protein adsorption onto 
ultafiltration membranes although it has not provided any definite answers. It has 
quantified the protein adsorption onto membrane materials never studied before. This 
study has determined that the protein conformation may alter upon adsorption, but not 
to such an extent as to induce the breakage of the disulphide bridges. No one aspect of 
protein structure has been related to the mass of protein adsorbed onto the membrane 
surface, however molecular size may be a controlling factor. It has also been shown 
during this investigation that the protein may be adsorbed in two forms, a loosely 
bound protein, possibly through protein-protein interactions and a more strongly 
bound protein bound to the membrane surface possibly through hydrophobic 
interactions. The protein conformational change upon adsorption to three 
ultrafiltration membranes has been identified and quantified however the changes 
occurring are different in every case and can not be predicted. 
Although this study has not established any definite trends or relationships between 
the protein structure and the mass adsorbed onto the membrane surfaces, it is 
considered that no one aspect of the protein molecule is responsible for the mass of 
protein adsorbed and the process may be quite random. The results from this 
investigation may be important in the study of membrane reactors in which 
immobilisation of enzymes onto membranes is a key process step. 
However the investigation has raised some interesting results providing a greater 
insight into the adsorption of proteins onto ultrafiltration membranes, as well as 
providing two additional approaches for the determination of protein surface 
hydrophobicity. 
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Appendix A.I Raw data for calibration curves for protein determination 
A.I.I BSA 
Protein Absorbance Log Log 
Concentration @750nm {BSA Cone} tabs} 
(/lg/m1) 
18.6 0.274 1.270 -0.562 
18.6 0.258 1.270 -0.588 
18.6 0.263 1.270 -0.580 
37.2 0.456 1.571 -0.341 
37.2 0.429 1.571 -0.368 
37.2 0.486 1.571 -0.313 
55.8 0.610 1.747 -0.215 
55.8 0.593 1.747 -0.227 
55.8 0.607 1.747 -0.217 
74.4 0.742 1.872 -0.130 
74.4 0.753 1.872 -0.123 
74.4 0.755 1.872 -0.122 
93 0.913 1.968 -0.040 
93 0.899 1.968 -0.046 
93 0.885 1.968 -0.053 
186 1.409 2.270 0.149 
186 1.458 2.270 0.164 
186 1.425 2.270 0.154 
279 1.834 2.446 0.263 
279 1.845 2.446 0.266 
279 1.845 2.446 0.266 
372 2.181 2.571 0.339 
372 2.157 2.571 0.334 
372 2.181 2.571 0.339 
465 2.436 2.667 0.387 
465 2.436 2.667 0.387 
465 2.466 2.667 0.392 
Table A.I: Raw data for BSA calibration 
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A. 1.2 Casein 
Protein Absorbance Log Log 
Concentration @750nm {BSA Cone} tabs} 
(l1g/m1) 
8.4 0.223 0.924 -0.652 
8.4 0.215 0.924 -0.668 
8.4 0.219 0.924 -0.660 
25.2 0.401 1.401 -0.397 
25.2 0.395 1.401 -0.403 
25.2 0.399 1.401 -0.399 
42.0 0.542 1.623 -0.266 
42.0 0.548 1.623 -0.261 
42.0 0.544 1.623 -0.264 
58.8 0.643 1.769 -0.192 
58.8 0.652 1.769 -0.186 
58.8 0.658 1.769 -0.182 
75.6 0.729 1.879 -0.137 
75.6 0.731 1.879 -0.136 
75.6 0.732 1.879 -0.135 
84.0 0.764 1.924 -0.117 
84.0 0.763 1.924 -0.117 
84.0 0.763 1.924 -0.117 
168.0 1.092 2.225 0.038 
168.0 1.085 2.225 0.035 
168.0 1.142 2.225 0.058 
252.0 1.328 2.401 0.123 
252.0 1.341 2.401 0.127 
252.0 1.329 2.401 . 0.124 
336.0 1.555 2.526 0.192 
336.0 1.569 2.526 0.196 
336.0 1.601 2.526 0.204 
420.0 1.765 2.623 0.247 
420.0 1.787 2.623 0.252 
420.0 1.768 2.623 0.247 
Table A.2: Raw data for casein calibration 
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A.1.3 Lysozyme 
Protein Absorbance @ Log Log 
Concentration 750nm {BSA Conc} tabs} 
(lLg/ml) 
6.7 0.162 0.83 -0.79 
6.7 0.163 0.83 -0.79 
6.7 0.154 0.83 -0.81 
20.1 0.328 1.30 -0048 
20.1 0.328 1.30 -0048 
20.1 0.325 1.30 -0049 
26.8 00407 1.43 -0.39 
26.8 0.396 1043 -0040 
26.8 00403 1.43 -0.39 
40.2 0.518 1.60 -0.29 
40.2 0.528 1.60 -0.28 
40.2 0.533 1.60 -0.27 
60.3 0.725 1.78 -0.14 
60.3 0.716 1.78 -0.15 
60.3 0.739 1.78 -0.13 
67 0.812 1.83 -0.09 
67 0.815 1.83 -0.09 
67 0.813 1.83 -0.09 
134 1.206 2.13 0.08 
134 1.209 2.13 0.08 
134 1.216 2.13 0.08 
201 1.536 2.30 0.19 
201 1.538 2.30 0.19 
201 1.549 2.30 0.19 
268 2.027 2043 0.31 
268 1.974 2043 0.30 
268 2.005 2043 0.30 
335 2.312 2.53 0.36 
335 2.346 2.53 0.37 
335 20436 2.53 0.39 
Table A.3: Raw data for lysozyme calibration 
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A.l.4 Ovalbumin 
Protein Absorbance @ Log Log 
Concentration 750nm {BSA labs} 
(Ilglml) Cone} 
8 0.217 0.903 -0.664 
8 0.208 0.903 -0.682 
8 0.199 0.903 -0.701 
24 0.390 1.380 -0.409 
24 0.390 1.380 -0.409 
24 0.392 1.380 -0.407 
40 0.536 1.602 -0.271 
40 0.538 1.602 -0.269 
40 0.537 1.602 -0.270 
56 0.679 1.748 -0.168 
56 0.681 1.748 -0.167 
56 0.682 1.748 -0.166 
72 0.806 1.857 -0.094 
72 0.800 1.857 -0.097 
72 0.794 1.857 -0.100 
80 0.847 1.903 -0.072 
80 0.889 1.903 -0.051 
80 0.879 1.903 -0.056 
160 1.390 2.204 0.143 
160 1.411 2.204 0.150 
160 1.366 2.204 0.135 
240 1.817 2.380 0.259 
240 1.823 2.380 0.261 
240 1.768 2.380 0.247 
320 2.075 2.505 0.317 
320 2.114 2.505 0.325 
320 2.063 2.505 0.314 
400 2.370 2.602 0.375 
400 2.370 2.602 0.375 
400 2.358 2.602 0.373 
Table A.4: Raw data for ovalbumin calibration 
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A.l.5 Pepsin 
Protein Absorbance Log Log 
Concentration @750nm {BSAConc} tabs} 
(lLg/ml) 
4 0.164 0.602 -0.785 
4 0.159 0.602 -0.799 
4 0.166 0.602 -0.780 
12 0.272 1.079 -0.565 
12 0.279 1.079 -0.554 
12 0.285 1.079 -0.545 
20 0.392 1.301 -0,407 
20 0.382 1.301 -0,418 
20 0.388 1.301 -0,411 
28 0,471 1.447 -0.327 
28 0,465 1.447 -0.333 
28 0.476 1.447 -0.322 
36 0.579 1.556 -0.237 
36 0.574 1.556 -0.241 
36 0.572 1.556 -0.243 
40 0.601 1.602 -0.221 
40 0.592 1.602 -0.228 
40 0.617 1.602 -0.210 
80 0.938 1.903 -0.028 
80 0.947 1.903 -0.024 
80 0.955 1.903 -0.020 
120 1.230 2.079 0.090 
120 1.244 2.079 0.095 
120 1.244 2.079 0.095 
160 1.454 2.204 0.163 
160 1.482 2.204 0.171 
160 1.462 2.204 0.165 
200 1.670 2.301 0.223 
200 1.696 2.301 0.229 
200 1.678 2.301 0.225 
Table A.S: Raw data for pepsin calibration 
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Appendix A.2: Raw data for isotherms 
Appendix A.2.1: Raw data for protein adsorption onto FP membranes 
A.2.1.1BSA 
Protein Absorption @ 750nm Mean Protein Mean Protein Protein 
Conc% Cone 
(~g1mI) 
Absorption @ Cone Adsorbed 
750nm (~glmI) (~g1em2) 
0.00 0.047 0.042 0.042 0.044 0 0.080 0.079 0.091 0.083 0 0 
0.00 0.041 0.035 0.040 0.039 0 0.094 0.081 0.087 0.087 0 0 
0.00 0.051 0.046 0.046 0.048 0 0.078 0.089 0.092 0.086 0 0 
0.10 0.327 0.334 0.332 0.331 813 0.641 0.623 0.607 0.624 55 121 
0.10 0.233 0.229 0.227 0.230 570 0.563 0.514 0.533 0.537 43 96 
0.10 0.226 0.237 0.240 0.234 508 0.599 0.587 0.593 0.593 46 102 
0.10 0.252 0.236 0.244 0.244 622 0.533 0.542 0.523 0.533 42 93 
0.10 0.242 0.240 0.238 0.240 591 0.605 0.604 0.611 0.607 52 116 
0.25 0.737 0.717 0.716 0.723 2839 0.917 0.896 0.909 0.907 93 206 
0.25 0.480 0.476 0.474 0.477 1845 0.726 0.733 0.736 0.732 71 158 
0.25 0.678 0.677 0.673 0.676 2551 0.856 0.866 0.844 0.855 84 186 
0.25 0.693/f8 0.705 0.675 0.691 3034 0.823 0.817 0.810 0.817 78 174 
0.25 0.489 0.499 0.503 0.497 1964 0.749 0.753 0.693 0.732 71 157 
0.25 0.500 0.500 0.496 0.499 1960 0.865 0.854 0.864 0.861 92 204 
0.50 1.086 1.086 1.068 1.080 4991 0.987 1.024 0.962 0.991 107 238 
0.50 1.102 1.116 1.108 1.109 5207 0.934 0.936 0.883 0.918 94 209 
0.50 0.787 0.801 0.802 0.797 4148 0.826 0.866 0.894 0.862 93 206 
0.50 0.760 0.769 0.776 0.768 3912 0.978 0.955 0.963 0.965
1 102 227 
0.50 0.836 0.826 0.829 0.830 4406 0.984 0.969 0.989 0.981 113 251 
0.75 1.014 1.026 1.002 1.014 5640 1.029 1.042 1.005 1.025 113 251 
0.75 1.054 1.042 1.047 1.048 5953 1.086 1.091 1.050 1.076 122 272 
0.75 1.089 1.094 1.076 1.086 6291 0.911 0.952 0.963 0.942 99 220 
0.75 1.328 1.349 1.384 1.354 7192 1.053 1.062 1.049 1.055 118 263 
0.75 1.403 1.411 1.390 1.401 7606 1.053 1.086 1.079 1.073 122 270 
0.75 1.302 1.294 1.276 1.291 8331 1.087 1.077 1.068 1.077 123 272 
0.75 1.531 1.514 1.509 1.518 10811 1.059 1.069 1.074 1.067 121 268 
0.50 1.437 1.450 1.420 1.436 9880 1.036 1.055 1.064 1.052 118 262 
1.00 1.334 1.336 1.391 1.354 9005 1.011 1.012 1.015 1.013 111 247 
1.00 1.755 1.741 1.713 1.736 10751 1.110 1.113 1.114 1.112 129 287 
1.00 1.417 1.420 1.431 1.423 9735 1.098 1.089 1.077 1.088 125 277 
1.00 1.621 1.651 1.649 1.640 12268 1.023 1.024 1.031 1.026 114 253 
1.25 1.950 2.000 2.005 1.985 13341 1.044 1.046 1.055 1.048 117 261 
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1.25 1.696 1.724 1.681 1.700 13006 1.111 1.121 1.062 1.098 126 281 
1.25 1.765 1.780 1.710 1.752 13638 1.102 1.121 1.075 1.099 127 282 
1.25 1.514 1.536 1.536 1.529 10934 1.056 1.073 1.085 1.071 122 270 
1.50 2.189 2.214 2.150 2.184 15566 1.064 1.042 1.042 1.049 118 262 
1.50 1.790 1.747 1.790 1.776 13947 1.093 1.095 1.087 1.092 125 278 
1.50 1.940 1.896 1.969 1.935 16012 1.153 1.159 1.157 1.156 138 306 
1.50 1.715 1.665 1.735 1.705 13043 1.118 1.102 1.080 1.100 127 283 
1.75 2.005 1.950 2.016 1.990 16763 1.113 1.126 1.146 1.128 132 294 
1.75 2.057 2.101 2.088 2.082 18017 1.112 1.139 1.158 1.136 134 297 
1.75 1.931 1.900 1.864 1.898 15511 1.063 1.088 1.099 1.083 124 275 
2.00 2.571 2.571 2.533 2.558 20080 1.113 1.122 1.136 1.124 132 293 
2.00 2.260 2.165 2.241 2.222 20016 0.951 1.055 1.063 1.023 113 250 
2.00 2.216 2.218 2.219 2.218 19932 1.166 1.154 1.169 1.163 139 309 
Table A.6: Raw data for BSA adsorption onto FP membranes 
A.2.1.2 Casein 
Protein Absorption @ 750nm Mean Protein Mean Protein Protein 
Cone % Cone 
(~g/m1) 
Absorption @ Cone Adsorbed 
750nm (~g/m1) (~g/em') 
0.00 0.054 0.049 0.056 0.053 41 0.113 0.095 0.094 0.101 0 0 
0.00 0.041 0.062 0.036 0.046 33 0.086 0.089 0.076 0.084 0 0 
0.10 0.261 0.253 0.250 0.255 622 0.428 0.435 0.463 0.442 37 83 
0.10 0.263 0.258 0.272 0.264 663 0.385 0.395 0.360 0.380 28 62 
0.10 0.269 0.274 0.273 0.272 697 0.406 0.420 0.415 0.414 33 73 
0.10 0.270 0.261 0.245 0.259 639 0.479 0.487 0.466 0.477 43 96 
0.10 0.217 0.229 0.229 0.225 502 0.459 0.438 0.452 0.450 39 86 
0.25 0.460 0.456 0.447 0.454 1692 0.664 0.700 0.705 0.690 84 187 
0.25 0.431 0.431 0.437 0.433 1557 0.673 0.638 0.671 0.661 78 173 
0.25 0.417 0.418 0.411 0.415 1449 0.679 0.686 0.644 0.670 80 177 
0.25 0.487 0.468 0.487 0.481 1866 0.752 0.757 0.725 0.745 90 201 
0.25 0.475 0.431 0.448 0.451 1673 0.732 0.718 0.694 0.715 85 188 
0.25 0.458 0.452 0.457 0.456 1701 0.607 0.657 0.647 0.637 71 157 
0.25 0.461 0.456 0.442 0.453 1684 0.675 0.687 0.632 0.665 75 168 
0.25 0.428 0.425 0.450 0.434 1566 0.688 0.715 0.692 0.698 82 181 
0.50 0.983 0.977 0.991 0.984 5710 0.848 0.834 0.865 0.849 111 247 
0.50 0.951 0.928 1.012 0.964 5534 1.093 1.037 1.093 1.074 160 356 
0.50 0.945 0.959 0.938 0.947 5391 1.134 1.140 1.125 1.133 174 387 
0.50 0.968 0.927 0.990 0.962 5516 1.154 1.143 1.134 1.144 177 393 
0.50 0.960 0.941 0.947 0.949 5408 1.071 1.068 1.005 1.048 154 343 
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Protein Ahsorption @ 750nm Mean Protein Mean Protein Protein 
Cone % Cone 
(Ilglml) 
Absorption @ Cone Adsorbed 
750nm (Ilglml) (Ilglem') 
0.50 0.983 0.966 0.976 0.975 5633 1.038 0.994 1.030 1.021 148 329 
0.50 0.954 0.965 0.955 0.958 5484 1.109 1.115 1.126 1.117 170 378 
0.50 1.0IJ 0.972 0.979 0.987 5742 1.059 1.106 1.033 1.066 158 352 
0.50 0.908 0.924 0.964 0.932 5258 1.173 1.177 1.116 1.155 179 399 
0.75 1.228 1.223 1.224 1.225 7982 1.181 1.214 1.146 1.180 186 412 
0.75 1.229 1.191 1.220 1.213 7867 1.197 1.247 1.247 1.230 198 440 
0.75 1.232 1.208 1.203 1.214 7877 1.240 1.254 1.243 1.246 202 448 
0.75 1.191 1.177 1.162 1.177 7507 1.309 1.293 1.236 1.279 210 467 
0.75 1.191 1.162 1.251 1.201 7748 1.211 1.276 1.300 1.262 206 458 
0.75 1.173 1.144 1.190 1.169 7432 1.189 1.203 1.206 1.199 190 423 
0.75 1.166 1.108 1.145 1.140 7149 1.355 1.380 1.319 1.351 229 508 
0.75 1.128 1.108 1.146 1.127 7031 1.394 1.315 1.343 1.351 229 508 
1.00 1.350 1.382 1.413 1.382 9593 1.302 1.288 1.235 1.275 209 465 
1.00 1.336 1.339 1.372 1.349 9249 1.4IJ 1.427 1.425 1.421 247 550 
1.00 1.294 1.279 1.289 1.287 86IJ 1.381 1.356 1.396 1.378 236 524 
1.25 1.579 1.569 1.585 1.578 11747 1.261 1.343 1.269 1.291 213 474 
1.25 1.589 1.608 1.603 1.600 12002 1.296 1.284 1.283 1.288 212 472 
1.25 1.567 1.561 1.574 1.567 11630 .1.441 1.431 1.305 1.392 240 533 
1.25 1.500 1.503 1.490 1.498 10850 1.398 1.397 1.386 1.394 240 533 
1.25 1.536 1.524 1.521 1.527 IIJ76 1.402 1.406 1.338 1.382 237 526 
1.25 1.610 1.567 1.593 1.590 IJ887 I.4IJ 1.426 1.403 1.413 245 545 
1.50 1.849 1.846 1.868 1.854 15034 1.425 1.398 1.354 1.392 240 533 
1.50 1.841 1.790 1.816 14556 1.433 1.403 10405 1.414 245 545 
1.50 1.820 1.820 1.806 1.815 14554 1.365 1.369 1.395 1.376 235 523 
1.50 1.780 1.787 1.765 1.777 14091 1.423 10426 1.434 10428 249 554 
1.75 1.958 1.956 1.962 1.959 16345 1.369 1.388 1.391 1.383 237 527 
1.75 1.985 1.924 1.993 1.967 16455 1.402 10410 10413 10408 244 542 
1.75 1.992 1.934 1.918 1.948 16209 1.356 1.386 1.387 1.376 235 523 
1.75 1.965 1.987 1.973 1.975 16553 1.485 1.477 1.495 1.486 265 589 
2.00 2.199 2.203 2.206 2.203 19554 1.402 1.439 1.453 1.431 250 556 
2.00 2.199 2.206 2.IJO 2.172 19135 1.380 1.383 1.384 1.382 237 527 
2.00 2.199 2.206 2.2IJ 2.205 19590 1.389 1.362 1.362 1.371 234 520 
2.00 2.199 2.206 2.IJO 2.172 19135 1.426 1.438 1.429 1.431 250 556 
2.00 2.199 2.206 2.2IJ 2.205 19590 1.499 1.596 1.593 1.563 286 636 
Table A.7: Raw data for casein adsorption onto FP membranes 
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A.2.1.3 Lysozyme 
Protein Absorption @ 150nm Mean Protein Mean Protein Protein 
Cone Cone Cone Adsorbed 
% (l1gfml) 
Absorption @ 750nm 
(l1gfml) (l1gfcm') 
0.00 0.065 0.065 0.052 0.061 0 0.101 0.107 0.081 0.096 0 0 
0.00 0.050 0.052 0.053 0.052 0 0.104 0.142 0.099 0.115 0 0 
0.10 0.213 0.211 0.209 0.211 446 0.987 0.965 0.968 0.973 84 186 
0.10 0.285 0.275 0.277 0.279 676 1.017 0.996 0.978 0.997 87 193 
0.10 0.327 0.325 0.319 0.324 708 1.017 1.013 1.014 1.015 90 199 
0.10 0.422 0.414 0.453 0.430 536 1.029 1.020 0.976 1.008 89 197 
0.10 0.411 0.432 0.426 0.423 523 1.013 0.980 0.993 0.995 87 193 
0.10 0.405 0.420 0.437 0.421 519 1.080 1.017 1.098 1.065 97 216 
0.10 0.427 0.442 0.423 0.431 538 1.005 0.945 0.969 0.973 84 186 
0.25 0.463 0.465 0.464 0.464 1533 1.258 1.241 1.233 1.244 125 278 
0.25 0.500 0.501 0.486 0.496 1667 1.286 1.296 1.287 1.290 133 295 
0.25 0.494 0.497 0.482 0.491 1335 1.215 1.226 1.239 1.227 122 272 
0.25 0.876 0.892 0.894 0.887 1592 1.211 1.214 1.156 1.194 117 260 
0.25 0.921 0.837 0.915 0.891 1602 1.226 1.165 1.224 1.205 119 264 
0.25 0.871 0.890 0.894 0.885 1586 1.247 1.371 1.352 1.323 138 307 
0.25 0.862 0.870 0.898 0.877 1564 1.224 1.297 1.323 1.281 131 291 
0.50 0.833 0.844 0.814 0.830 3634 1.485 1.468 1.479 1.477 165 366 
0.50 0.857 0.868 0.855 0.860 3801 1.451 1.461 1.456 1.456 161 358 
0.50 0.862 0.870 0.872 0.868 3853 1.438 1.459 1.446 1.448 160 355 
0.50 0.842 0.866 0.841 0.850 3007 1.348 1.369 1.371 1.363 145 322 
0.50 1.512 1.458 1.446 1.472 3411 1.371 1.352 1.297 1.340 141 313 
0.50 1.446 1.479 1.492 1.472 3412 1.479 1.487 1.409 1.458 161 359 
0.50 1.521 1.549 1.509 1.526 3606 1.399 1.399 1.421 1.406 152 339 
0.50 1.497 1.522 1.511 1.510 3547 1.307 1.346 1.351 1.335 140 311 
0.75 1.153 1.134 1.166 1.151 5872 1.623 1.614 1.655 1.631 193 428 
0.75 1.122 1.178 1.173 1.158 5899 1.605 1.611 1.598 1.605 188 418 
0.75 1.182 1.208 1.194 1.195 6192 1.543 1.561 1.551 1.552 178 396 
0.75 1.173 1.176 1.139 1.163 4771 1.468 1.473 1.479 1.473 164 365 
0.75 2.027 1.984 2.006 5471 1.536 1.529 1.456 1.507 170 378 
0.75 2.063 1.954 2.009 5483 1.447 1.471 1.367 1.428 156 347 
0.75 2.005 2.003 1.995 2.001 5452 1.473 1.509 1.416 1.466 163 362 
1.00 1.385 1.423 1.394 1.401 7929 1.701 1.711 1.723 1.712 208 462 
1.00 1.424 1.424 1.398 1.415 8031 1.655 1.661 1.642 1.653 197 438 
1.00 1.398 1.378 1.378 1.385 6233 1.533 1.548 1.567 1.549 178 395 
1.00 2.346 2.370 2.358 7001 1.474 1.496 1.511 1.494 168 373 
1.00 2.312 2.382 2.370 2.355 6986 1.603 1.548 1.487 1.546 177 394 
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Protein Absorption @ 750nm Mean Protein Mean Protein Protein 
Cone Cone Cone Adsorbed 
% (Ilglml) 
Absorntion @ 750nm 
(Ilglml) (Ilglem') 
1.00 2.358 2.370 2.364 7028 1.601 1.551 1.542 1.565 181 401 
1.00 2.451 2.382 2.395 2.409 7235 1.619 1.603 1.531 1.584 184 409 
1.25 1.569 1.601 1.574 1.581 9541 1.766 1.769 1.782 1.772 220 488 
1.25 1.642 1.619 1.614 1.625 9921 1.698 1.678 1.714 1.697 205 456 
1.25 1.665 1.646 1.632 1.648 8127 1.598 1.587 1.605 1.597 186 414 
1.50 1.777 1.762 1.744 1.761 11242 1.841 1.836 1.821 1.833 232 515 
1.50 1.787 1.823 1.780 1.797 11565 1.785 1.746 1.809 1.780 221 492 
1.50 1.888 1.810 1.852 1.850 9695 1.633 1.637 1.644 1.638 194 431 
1.50 2.872 2.834 2.914 2.873 9457 1.769 1.789 1.743 1.767 219 486 
1.50 2.872 2.914 2.914 2.900 9591 1.762 1.734 1.799 1.765 218 485 
1.50 2.896 2.854 2.888 2.879 9487 1.736 1.745 1.792 1.758 217 482 
1.50 2.866 2.911 2.859 2.879 9484 1.788 1.762 1.812 1.787 223 495 
1.50 1.540 1.507 1.495 1.514 8929 1.608 1.625 1.544 1.592 186 413 
1.75 1.964 1.900 1.922 1.929 12912 1.869 1.891 1.862 1.874 240 533 
1.75 1.995 2.005 2.022 2.007 13696 1.811 1.839 1.843 1.831 231 514 
1.75 2.033 2.011 2.022 2.022 11100 1.678 1.692 1.704 1.691 204 454 
2.00 2.165 2.232 2.165 2.187 15611 1.869 1.847 1.901 1.872 240 532 
2.00 2.189 2.157 2.107 2.151 12195 1.715 1.724 1.738 1.726 211 468 
2.00 3.021 2.914 2.960 2.965 9919 1.801 1.785 1.763 1.783 222 493 
2.00 2.914 3.010 2.960 2.961 9901 1.793 1.785 1.817 1.798 225 500 
2.00 3.010 2.914 2.960 2.961 9901 1.796 1.811 1.802 1.803 226 502 
2.00 3.010 2.914 3.010 2.978 ·9985 1.794 1.762 1.811 1.789 223 496 
2.00 1.959 1.959 2.005 1.974 16026 1.995 1.993 1.995 1.994 265 588 
2.00 2.016 2.016 2.005 2.012 16498 1.984 1.964 1.950 1.966 259 575 
2.00 1.999 1.995 2.005 2.000 16340 2.011 1.995 1.995 2.000 266 591 
2.00 2.017 2.013 2.003 2.011 16481 1.986 1.983 2.011 1.993 264 587 
2.00 2.290 2.280 2.232 2.267 19787 1.975 1.968 1.945 1.963 258 573 
2.00 2.301 2.270 2.270 2.280 19960 2.025 2.023 2.039 2.029 272 604 
2.00 2.270 2.280 2.280 2.277 19911 2.014 1.998 2.045 2.019 270 599 
2.00 2.370 2.395 2.301 2.355 17499 1.875 1.900 1.796 1.857 237 526 
2.00 2.270 2.370 2.408 2.349 17431 2.214 2.181 2.128 2.174 303 673 
2.00 2.408 2.395 2.358 2.387 17857 2.128 2.094 2.063 2.095 286 635 
2.00 2.635 2.591 2.533 2.586 20172 1.900 1.892 1.834 1.875 240 534 
2.00 2.683 2.683 2.635 2.667 21135 1.917 1.888 1.909 1.905 246 547 
2.00 2.659 2.635 2.659 2.651 20943 1.979 1.959 1.900 1.946 255 566 
Table A.S: Raw data for lysozyme adsorption onto FP membranes 
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A.2.1.4 Ovalbumin 
Protein Absorption @ 750nm Mean Protein 
[Cone % Cone 
(1lg/m1) 
Mean Protein Protein 
Cone Adsorbed 
Absol'l tion @ 750nm (1lg/m1) (Ilg/em') 
0.00 0.055 0.054 0.052 0.054 0 0.102 0.104 0.103 0.103 0 0 
0.10 0.256 0.275 0.266 0.266 531 0.522 0.520 0.516 0.519 31 70 
0.10 0.265 0.264 0.265 0.265 528 0.512 0.525 0.529 0.522 32 70 
0.10 0.259 0.259 0.269 0.262 519 0.607 0.605 0.587 0.600 40 89 
0.10 0.278 0.274 0.267 0.273 557 0.599 0.594 0.571 0.588 39 86 
0.25 0.454 0.465 0.445 0.455 1056 0.929 0.961 0.988 0.959 98 217 
0.25 0.473 0.490 0.498 0.487 1184 0.988 1.033 1.059 1.027 109 243 
0.25 0.525 0.541 0.530 0.532 1370 0.946 0.974 0.968 0.963 98 218 
0.25 0.532 0.512 0.527 0.524 1668 1.058 1.034 0.991 1.028 110 243 
0.25 0.499 0.487 0.491 0.492 1506 1.037 1.039 1.007 1.028 110 243 
0.25 0.478 0.490 0.490 0.486 1475 0.963 0.959 0.971 0.964 99 219 
0.25 0.530 0.510 0.506 0.515 1625 0.978 0.965 0.964 0.969 99 221 
0.25 0.520 0.522 0.531 0.524 1672 0.987 0.973 0.942 0.967 99 220 
0.25 0.531 0.551 0.543 0.542 1764 0.912 0.925 0.978 0.938 94 209 
0.50 0.824 0.845 0.804 0.824 3099 1.206 1.193 1.151 1.183 138 308 
0.50 0.845 0.846 0.851 0.847 3242 1.232 1.183 1.126 1.180 138 306 
0.50 0.851 0.864 0.871 0.862 3335 1.336 1.305 1.289 1.310 164 364 
0.50 0.855 0.849 0.868 0.857 3305 1.336 1.345 1.314 1.332 168 374 
0.50 0.854 0.847 0.856 0.852 4092 1.156 1.168 1.177 1.167 135 301 
0.50 0.872 0.836 0.835 0.848 4055 1.203 1.200 1.163 1.189 139 310 
0.50 0.924 0.918 0.911 0.918 4619 1.153 1.143 1.198 1.165 135 300 
0.50 0.955 0.946 0.959 0.953 4916 1.293 1.352 1.322 1.322 166 369 
0.50 0.923 0.914 0.938 0.925 4679 1.322 1.383 1.344 1.350 172 382 
0.75 1.130 1.142 1.099 1.124 5147 1.381 1.314 1.373 1.356 173 385 
0.75 1.141 1.124 1.129 1.131 5204 1.407 1.397 1.366 1.390 180 401 
0.75 1.142 1.137 1.149 1.143 5289 1.331 1.312 1.255 1.299 161 359 
0.75 1.155 1.142 1.139 1.145 6637 1.345 1.328 1.362 1.345 171 380 
0.75 1.117 1.078 1.086 1.094 6155 1.269 1.285 1.277 1.277 157 349 
0.75 1.122 1.140 1.154 1.139 6574 1.326 1.321 1.273 1.307 163 362 
0.75 1.112 1.147 1.152 1.137 6558 1.281 1.317 1.258 1.285 159 352 
1.00 1.401 1.384 1.462 1.416 7504 1.319 1.381 1.350 172 382 
1.00 1.424 1.399 1.409 1.411 7460 1.413 1.423 1.418 186 414 
1.00 1.495 1.490 1.482 1.489 8147 1.507 1.490 1.494 1.497 204 453 
1.00 1.492 1.452 1.403 1.449 7794 1.430 1.425 1.372 1.409 185 410 
1.00 1.394 1.416 1.341 1.384 9036 1.428 1.454 1.397 1.426 188 418 
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Protein Absorption @ 750nm Mean Protein Mean Protein Protein 
Cone % Cone Cone Adsorbed 
(!lg/mI) Absorntion @ 750nm (!lg/mI) (!lg/em') 
1.00 1.388 1.331 1.304 1.341 8586 1.368 1.344 1.362 1.358 174 386 
1.00 1.397 1.395 1.377 1.390 9100 1.402 1.399 1.369 1.390 180 401 
1.00 1.456 1.431 1.393 1.427 9499 1.346 1.341 1.318 1.335 169 375 
1.25 1.699 1.724 1.699 1.707 12728 1.255 1.301 1.265 1.274 156 347 
1.25 1.554 1.567 1.565 1.562 11011 1.555 1.551 1.553 217 481 
1.25 1.606 1.585 1.581 1.591 11342 1.422 1.454 1.438 1.438 191 424 
1.25 1.614 1.621 1.591 1.609 11552 1.454 1.458 1.420 1.444 192 427 
1.25 1.598 1.586 1.605 1.596 11408 1.434 1.416 1.369 1.406 184 409 
1.50 1.787 1.803 1.810 1.800 11097 1.418 1.430 1.414 1.421 187 416 
1.50 1.777 1.783 1.817 1.792 11020 1.416 1.443 1.490 1.450 193 430 
1.50 1.774 1.845 1.856 1.825 11349 1.380 1.427 1.443 1.417 186 414 
1.50 1.820 1.817 1.820 1.819 14111 1.559 1.571 1.535 1.555 217 482 
1.50 1.721 1.768 1.738 1.742 13155 1.644 1.663 1.654 240 533 
1.50 1.783 1.810 1.783 1.792 13771 1.544 1.511 1.4\0 1.488 202 449 
1.50 1.823 1.796 1.774 1.798 13842 1.528 1.540 1.290 1.453 194 431 
1.75 2.114 2.101 2.088 2.101 17841 1.553 1.519 1.528 1.533 212 471 
1.75 1.950 1.979 1.950 1.960 15930 1.559 1.579 1.564 1.567 220 488 
1.75 1.927 1.917 1.936 1.927 15495 1.673 1.661 1.610 1.648 239 530 
2.00 2.128 2.157 2.165 2.150 14818 1.571 1.573 1.528 1.557 218 483 
2.00 2.101 2.\07 2.039 2.082 17584 1.571 1.551 1.581 1.568 220 489 
2.00 2.210 2.231 2.214 2.218 19490 1.598 1.594 1.583 1.592 225 501 
2.00 2.075 2.214 2.173 2.154 14863 1.595 1.597 1.615 1.602 228 506 
2.00 2.198 2.211 2.2\0 2.206 15455 1.589 1.598 1.590 1.592 226 501 
2.00 2.210 2.231 2.214 2.218 19490 1.599 1.625 1.615 1.613 230 512 
2.00 2.\35 2.094 2.157 2.129 18225 1.589 1.615 1.630 1.611 230 511 
2.00 2.115 2.225 2.223 2.188 19054 1.654 1.660 1.670 1.661 242 537 
2.00 1.959 1.945 1.909 1.938 15640 1.638 1.625 1.630 1.631 235 521 
2.00 2.\07 2.114 2.\07 2.\09 17956 1.544 1.538 1.561 1.548 215 478 
2.00 2.222 2.234 2.236 2.231 19667 1.661 1.670 1.632 1.654 240 534 
2.00 2.101 2.\07 2.039 2.082 17584 1.642 1.634 1.641 1.639 237 526 
2.00 2.210 2.231 2.214 2.218 19490 1.579 1.6\0 1.517 1.569 220 489 
Table A.9: Raw data for ovalbumin adsorption onto FP membranes 
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A.2.1.S Pepsin 
Protein Absorption @ Mean Protein Mean Protein Protein 
Cone % 750nm Cone Cone Adsorbed 
(~gfmI) Absorption @ 750nm (~gfmI) (~gfemz) 
, 
0.00 0.045 0.035 0.069 0.050 8 0.187 0.195 0.177 0.186 ·1 ·1 
0.00 0.058 0.056 0.056 0.057 15 0.083 0.094 0.087 0.088 ·5 0 
0.05 0.221 0.235 0.226 0.227 218 0.765 0.762 0.715 0.747 49 110 
0.05 0.225 0.224 0.225 0.225 355 0.982 0.977 0.965 0.975 78 173 
0.05 0.228 0.230 0.226 0.228 365 1.003 0.970 0.924 0.966 77 171 
0.05 0.233 0.237 0.234 0.235 385 0.952 0.966 0.985 0.968 77 171 
0.05 0.240 0.220 0.244 0.235 385 0.977 0.986 0.955 0.973 78 173 
0.10 0.481 0.478 0.466 0.475 826 1.311 1.244 1.222 1.259 124 277 
0.10 0.489 0.493 0.495 0.492 881 1.193 1.256 1.268 1.239 116 259 
0.10 0.466 0.440 0.417 0.441 1206 1.676 1.649 1.601 1.642 184 409 
0.10 0.445 0.436 0.464 0.448 1242 1.484 1.462 1.360 1.435 148 329 
0.10 0.534 0.514 0.530 0.526 1322 1.423 1.425 1.445 1.251 118 263 
0.25 0.831 0.809 0.776 0.805 2479 1.625 1.646 1.533 1.601 177 393.04 
0.25 0.842 0.856 0.829 0.842 2661 1.689 1.673 1.688 1.683 192 426.09 
0.25 0.996 1.022 1.011 1.010 2654 1.759 1.780 1.688 1.742 203 450.45 
0.25 1.014 1.005 1.021 1.013 2669 1.729 1.710 1.720 198 440.97 
0.25 0.711 0.743 0.753 0.736 2687 1.744 1.721 1.715 1.727 200 443.94 
0.25 0.728 0.760 0.744 0.744 2735 1.713 1.724 1.755 1.731 201 445.60 
0.25 0.728 0.754 0.754 0.745 2743 1.856 1.854 1.852 1.854 224 497.84 
0.25 0.745 0.767 0.744 0.752 2781 2.123 2.111 2.141 2.125 279 619.59 
0.25 0.777 0.755 0.736 0.756 2805 1.917 1.909 1.860 1.895 232 515.80 
0.50 0.936 0.973 0.949 0.953 4036 1.950 1.945 1.964 1.953 244 541.22 
0.50 0.922 1.034 0.906 0.954 4045 1.888 1.904 1.940 1.911 235 522.51 
0.50 1.122 1.128 1.062 1.104 4071 1.725 1.746 1.762 1.744 203 451.29 
0.50 0.948 0.975 0.978 0.967 4132 2.210 2.191 2.215 2.205 296 657.46 
0.50 0.991 0.956 0.980 0.976 4191 2.194 2.173 2.146 2.171 289 641.17 
0.50 1.011 0.982 0.998 0.997 4336 2.051 2.033 2.042 262 581.30 
0.75 1.315 1.250 1.319 1.295 6537 1.987 1.982 1.995 1.988 251 556.86 
0.75 1.292 1.276 1.321 1.296 6550 2.285 2.298 2.296 2.293 315 699.68 
0.75 1.492 1.502 1.529 1.508 6642 1.958 1.962 1.977 1.966 246 546.87 
0.75 1.544 1.484 1.514 1.514 6685 1.925 1.917 1.943 1.928 239 530.29 
0.75 1.333 1.338 1.331 1.334 6851 1.979 2.045 2.057 2.027 259 574.48 
0.75 1.536 1.555 1.555 1.549 6927 1.923 1.947 1.955 1.942 241 536.19 
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Protein Absorption @ Mean Protein Mean Protein Protein 
Cone % 750nm Cone Cone Adsorbed 
(Ilg/ml) Absorption @ 750nm (Ilg/ml) (Ilg/cm') 
0.75 1.888 1.880 1.880 1.883 7058 2.006 2.051 2.054 2.037 261 579.03 
0.75 1.411 1.448 1.471 1.443 7753 2.166 2.115 2.149 2.143 283 628.16 
0.75 1.406 1.473 1.459 1.446 7775 2.357 2.341 2.322 2.340 325 722.70 
0.75 1.502 1.421 1.425 1.449 7803 2.081 2.069 2.051 2.067 267 592.74 
0.75 1.470 1.431 1.452 1.451 7818 2.135 2.128 2.000 2.088 271 602.26 
0.75 1.663 1.676 1.681 1.673 7822 1.996 1.956 1.978 1.977 248 551.78 
1.00 1.481 1.478 1.548 1.502 8256 2.103 2.119 2.143 2.122 278 618.03 
1.00 1.526 1.519 1.538 1.528 8476 2.155 2.133 2.147 2.145 283 628.94 
1.00 1.577 1.564 1.561 1.567 8823 2.142 2.153 2.111 2.135 281 624.41 
1.00 1.845 1.823 1.872 1.847 9130 2.056 2.059 2.069 2.061 266 590.14 
1.00 1.597 1.642 1.591 1.610 9203 2.366 2.354 2.322 2.347 327 726.32 
1.00 1.614 1.577 1.646 1.612 9224 2.088 2.057 2.016 2.054 264 586.63 
1.00 1.969 1.690 1.931 1.863 9259 2.146 2.133 2.147 2.142 282 627.53 
1.00 1.673 1.661 1.735 1.690 9928 2.266 2.261 2.213 2.247 305 677.25 
1.00 1.771 1.668 1.637 1.692 9949 2.263 2.214 2.252 2.243 304 675.48 
1.50 2.013 2.015 2.025 2.018 13113 2.241 2.239 2.269 2.250 305 673.40 
1.50 2.011 2.032 2.042 2.028 13222 2.231 2.236 2.248 2.238 303 673.24 
1.50 2.374 2.346 2.346 2.355 13371 2.195 2.186 2.173 2.185 291 678.69 
1.50 2.135 2.094 2.128 2.119 14160 2.157 2.173 2.181 2.170 288 640.86 
1.50 2.135 2.146 2.135 2.139 14367 2.408 2.408 2.382 2.399 338 752.14 
1.50 1.852 1.909 2.027 1.929 14668 2.482 2.498 2.466 2.482 357 640.86 
1.50 1.868 1.984 1.959 1.937 14760 2.401 2.386 2.398 2.395 337 752.14 
1.50 2.223 2.241 2.205 2.223 15265 2.344 2.334 2.334 2.337 325 793.84 
1.75 1.979 1.972 1.988 1.980 15273 2.451 2.466 2.408 2.442 348 749.97 
1.75 2.189 2.241 2.270 2.233 15376 2.334 2.334 2.334 2.334 324 721.39 
1.75 2.260 2.205 2.270 2.245 15502 2.370 2.408 2.370 2.383 335 773.39 
1.75 2.613 2.615 2.619 2.616 15759 2.231 2.239 2.255 2.242 304 719.75 
1.75 2.334 2.280 2.290 2.301 16116 2.270 2.290 2.251 2.270 310 743.82 
1.75 2.365 2.354 2.367 2.362 16787 2.301 2.318 2.316 2.312 319 708.79 
2.00 2.596 2.578 2.567 2.580 19283 2.346 2.348 2.348 2.347 327 726.32 
2.00 2.344 2.312 2.286 2.314 19507 2.515 2.515 2.515 2.515 365 708.79 
2.00 2.382 2.355 2.280 2.339 19838 2.482 2.498 2.466 2.482 357 793.84 
2.00 2.342 2.312 2.366 2.340 19852 2.489 2.496 2.506 2.497 361 801.49 
Table A.I 0; Raw data of pepsin adsorption onto FP membranes 
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Appendix A.2.2: Raw data for protein adsorption onto PS membranes 
A.2.2.1 BSA 
Protein Absorption @ 750nm Mean Corrected Absorption @ 750nm Mean Protein Actual 
Cone Protein Cone Protein 
(%) Cone (1lg/m1) Adsorbed 
(1lg/m1) (llg/em2) 
0.00 0.080 0.078 0.077 0.078 0 0.077 0.089 0.078 0.08 2 0 
0.00 0.078 0.072 0.083 0.078 -3 0.086 0.090 0.080 0.09 3 0 
0.10 0.217 0.222 0.235 0.225 936 0.155 0.156 0.157 0.16 7 9 
0.10 0.201 0.192 0.191 0.195 703 0.133 0.150 0.142 0.14 6 7 
0.10 0.177 0.214 0.164 0.185 633 0.158 0.147 0.150 0.15 6 9 
0.10 0.220 0.205 0.208 0.211 828 0.153 0.140 0.151 0.15 6 8 
0.15 0.300 0.311 0.296 0.302 1619 0.217 0.226 0.227 0.22 11 20 
0.15 0.272 0.272 0.273 0.272 1342 0.221 0.220 0.233 0.22 12 20 
0.15 0.295 0.285 0.274 0.285 1454 0.232 0.222 0.227 0.23 12 21 
0.15 0.265 0.320 0.311 0.299 1585 0.226 0.215 0.204 0.22 11 19 
0.25 0.383 0.397 0.388 0.389 2511 0.315 0.327 0.294 0.31 19 38 
0.25 0.384 0.389 0.379 0.384 2453 0.336 0.321 0.341 0.33 21 42 
0.25 0.375 0.363 0.385 0.374 2348 0.332 0.329 0.328 0.33 21 42 
0.25 0.365 0.387 0.395 0.382 2435 0.376 0.311 0.330 0.34 22 44 
0.50 0.438 0.464 0.451 0.451 3216 0.565 0.585 0.526 0.56 48 101 
0.50 0.448 0.430 0.459 0.446 3153 0.555 0.565 0.561 0.56 48 102 
0.50 0.432 0.429 0.485 0.449 3188 0.516 0.538 0.545 0.53 45 94 
0.50 0.462 0.451 0.473 0.462 3348 0.491 0.477 0.491 0.49 39 81 
0.50 0.468 0.469 0.459 0.465 3388 0.605 0.568 0.593 0.59 52 111 
0.75 0.757 0.757 0.763 0.759 7525 0.671 0.633 0.657 0.65 61 131 
0.75 0.764 0.730 0.808 0.767 7658 0.674 0.749 0.660 0.69 67 145 
0.75 0.791 0.798 0.774 0.788 7341 0.731 0.692 0.732 0.72 71 153 
0.75 0.779 0.751 0.766 0.765 7626 0.779 0.844 0.570 0.73 73 157 
0.75 0.769 0.792 0.779 0.780 7862 0.678 0.739 0.740 0.72 71 153 
0.75 0.796 0.778 0.762 0.779 7840 0.756 0.748 0.794 0.77 72 155 
Table A.ll: Raw data for BSA adsorption onto PS membranes 
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Protein f-\bsorption @ 750nm Mean Corrected Absorption @ 750nm Mean Protein Actual 
Cone Protein Cone Protein 
(%) Cone (1lg/m1) Adsorbed 
(1lg/m1) (llg/em2) 
1.00 0.876 0.889 0.891 0.885 9629 0.857 0.900 0.803 0.85 86 186 
1.00 0.919 0.987 0.940 0.949 9978 0.936 0.941 0.897 0.92 98 212 
1.00 0.982 0.778 0.993 0.918 10196 0.852 0.914 0.865 0.88 90 195 
1.00 0.997 0.967 0.997 0.987 10649 0.961 0.962 0.866 0.93 99 214 
1.00 0.991 0.984 0.972 0.982 10566 0.929 0.945 0.952 0.94 101 219 
1.00 0.955 0.999 0.913 0.956 10877 0.911 0.943 0.953 0.94 100 216 
1.25 1.020 1.024 1.035 1.026 12183 0.827 0.838 0.848 0.84 84 180 
1.25 1.091 1.088 1.090 L090 13398 0.836 0.876 0.845 0.85 86 186 
1.25 0.938 1.151 0.975 1.021 12089 0.831 1.849 0.826 0.90 93 201 
1.25 0.872 0.906 1.308 1.029 12227 0.813 0.876 0.877 0.86 86 187 
1.25 1.067 1.140 0.996 1.068 12113 0.884 0.839 0.801 0.84 84 182 
1.50 1.254 1.273 1.216 1.248 16602 0.930 0.934 0.924 0.93 99 214 
1.50 1.246 1.247 1.271 1.255 16750 0.939 0.960 0.945 0.95 102 221 
1.50 1.291 1.119 1.265 1.225 16128 0.875 0.895 0.872 0.88 91 196 
1.50 1.298 1.094 1.417 1.270 17067 0.882 0.898 0.896 0.89 92 200 
2.00 1.559 1.498 1.521 1.526 22813 1.090 1.013 1.050 1.05 120 262 
2.00 1.517 1.476 1.502 1.498 22164 1.026 1.087 1.092 1.07 123 269 
2.00 1.522 1.542 1.507 1.524 22758 0.995 1.041 1.057 1.03 117 254 
2.00 1.512 1.516 1.529 1.519 22648 1.021 1.025 1.039 1.03 116 253 
2.00 1.522 1.524 1.522 1.523 22734 1.042 1.042 1.054 1.05 119 260 
2.00 1.535 1.549 1.535 1.540 23135 1.139 1.082 1.094 1.11 130 284 
2.00 1.547 1.507 1.557 1.537 23072 0.959 1.068 1.061 1.03 116 253 
2.00 1.417 1.589 1.569 1.525 22789 1.005 1.051 1.097 1.05 120 262 
2.00 1.594 1.533 1.561 1.563 23682 1.095 1.058 1.053 1.07 124 269 
2.00 1.509 1.544 1.507 1.520 22672 1.092 1.095 1.051 1.08 126 274 
2.00 1.452 1.597 1.444 1.498 22149 1.058 1.012 1.005 1.03 116 251 
2.00 1.468 1.528 1.503 1.500 22196 1.062 1.103 1.093 1.09 127 276 
Table A.II Cont.: Raw data for BSA adsorption onto PS membranes 
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A.2.2.2 Casein 
Protein Absorption @ 750nm Mean Protein Protein Absorption @ 750nm Mean Protein Actnal 
Conc% Cone Cone % Cone Protein 
(1lg/m1) (1lg/m1) Adsorbed 
(llg/cm') 
0.00 0.059 0.050 0.055 0.055 0 0.00 0.076 0.081 0.060 0.072 0 0 
0.00 0.053 0.054 0.049 0.052 0 0.00 0.080 0.076 0.072 0.076 0 1 
0.10 0.166 0.159 0.162 0.162 1006 0.10 0.155 0.155 0.146 0.152 6 13 
0.10 0.169 0.158 0.171 0.166 1037 0.10 0.119 0.140 0.145 0.135 4 10 
0.10 0.169 0.165 0.171 0.168 1057 0.10 0.166 0.154 0.167 0.162 7 15 
0.10 0.168 0.148 0.155 0.157 961 0.10 0.125 0.146 0.146 0.139 5 11 
0.25 0.311 0.314 0.324 0.316 2502 0.25 0.242 0.263 0.267 0.257 16 35 
0.25 0.327 0.311 0.323 0.320 2546 0.25 0.214 0.219 0.228 0.220 12 27 
0.25 0.318 0.318 0.332 0.323 2571 0.25 0.224 0.224 0.230 0.226 12 28 
0.25 0.319 0.325 0.313 0.319 2531 0.25 0.218 0.223 0.237 0.226 12 28 
0.50 0.500 0.525 0.514 0.513 4841 0.50 0.428 0.460 0.448 0.445 37 81 
0.50 0.451 0.497 0.493 0.480 4426 0.50 0.492 0.514 0.518 0.508 44 99 
0.50 0.523 0.537 0.533 0.531 5075 0.50 0.436 0.453 0.458 0.449 37 82 
0.50 0.529 0.531 0.547 0.536 5136 0.50 0.498 0.463 0.495 0.485 42 92 
0.75 0.660 0.655 0.652 0.656 6767 0.75 0.616 0.627 0.574 0.606 57 128 
0.75 0.613 0.579 0.576 0.589 5850 0.75 0.575 0.567 0.528 0.557 51 113 
0.75 0.621 0.620 0.625 0.622 6297 0.75 0.613 0.620 0.574 0.602 57 127 
0.75 0.657 0.672 0.659 0.663 6866 0.75 0.566 0.578 0.542 0.562 52 114 
1.00 0.737 0.755 0.792 0.761 8298 1.00 0.783 0.783 0.721 0.762 80 177 
1.00 0.822 0.807 0.830 0.820 9178 1.00 0.678 0.677 0.621 0.659 65 144 
1.00 0.862 0.826 0.899 0.862 9836 1.00 0.744 0.716 0.695 0.718 73 163 
1.00 0.793 0.836 0.861 0.830 9336 1.00 0.806 0.789 0.753 0.783 83 184 
1.50 1.089 1.076 1.142 1.102 13542 1.50 0.961 LOll 0.918 0.963 106 235 
1.50 1.103 1.106 1.115 1.108 13654 1.50 0.885 0.887 0.856 0.876 90 201 
1.50 1.201 1.197 1.165 1.188 15259 1.50 0.815 0.806 0.741 0.787 76 168 
1.50 1.072 1.083 1.096 1.084 13177 1.50 0.916 0.897 0.828 0.880 91 203 
Table A.12: Raw data for casein adsorption onto PS membranes 
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Protein Absorption @ 7S0nm Mean Protein Protein Absorption @ 7S0nm Mean Protein Actual 
Cone % Cone Cone % Cone Protein 
(llg/rnI) (llg/rnI) Adsorbed 
(Ilg/em') 
2.00 1.390 1.373 1.366 1.376 19320 2.00 0.979 1.003 0.894 0.959 105 233 
2.00 1.342 1.346 1.393 1.360 18962 2.00 0.993 0.978 0.917 0.963 106 235 
2.00 1.417 1.450 1.395 1.421 20326 2.00 1.089 1.063 0.980 1.044 121 268 
2.00 1.387 1.364 1.369 1.373 19253 2.00 1.077 1.050 0.969 1.032 ll9 263 
2.00 1.465 1.427 1.423 1.438 20732 2.00 1.173 1.227 1.080 1.160 144 319 
2.00 1.336 1.349 1.251 1.312 17895 2.00 1.038 0.993 0.938 0.990 III 246 
2.00 1.362 1.391 1.358 1.370 19186 2.00 1.137 1.094 1.021 1.084 129 286 
2.00 1.427 1.418 1.441 1.429 20510 2.00 1.029 0.993 0.934 0.985 110 244 
2.00 1.235 1.214 1.219 1.223 15985 2.00 0.965 1.048 1.053 1.022 ll7 259 
2.00 1.473 1.425 1.443 1.447 20932 2.00 0.854 0.921 0.912 0.896 94 208 
Table A.12 Cont.: Raw data for casein adsorption onto PS membranes 
A.2.2.3 Lysozyme 
Protein Mean Protein Mean Protein Protein 
Cone % Cone Cone Adsorbed 
(llg/rnI) (llg/rnI) (Ilg/em') 
Absorption @ 7S0nm Absorption @ 7S0nm 
0.00 0.059 0.061 0.058 0.059 0 0.064 0.071 0.083 0.073 0 0 
0.00 0.057 0.068 0.060 0.062 9 0.078 0.096 0.081 0.085 II 0 
0.10 0.142 0.124 0.124 0.130 347 0.339 0.320 0.325 0.328 344 38 
0.10 0.104 0.113 0.1l2 0.1l0 236 0.327 0.335 0.339 0.334 354 39 
0.10 0.136 0.127 0.1l8 0.127 330 0.442 0.401 O.4ll 0.418 507 56 
0.10 0.127 0.1l4 0.129 0.123 310 0.290 0.299 0.286 0.292 284 32 
0.25 0.208 0.232 0.203 0.214 888 0.666 0.723 0.695 0.695 1101 122 
0.25 0.213 0.195 0.182 0.197 765 0.551 0.578 0.589 0.573 823 91 
0.25 0.217 0.195 0.190 0.201 793 0.679 0.662 0.649 0.663 1028 ll4 
0.25 0.208 0.181 0.214 0.201 795 0.637 0.658 0.649 0.648 992 HO 
0.50 0.322 0.336 0.341 0.333 1822 1.045 1.077 1.075 1.066 2063 229 
0.50 0.326 0.315 0.329 0.323 1739 1.029 1.075 1.077 1.060 2047 227 
0.50 0.298 0.309 0.338 0.315 1669 0.945 0.999 0.955 0.966 1773 197 
0.50 0.294 0.325 0.334 0.318 1691 1.055 1.041 0.978 1.025 1941 216 
0.75 O.4ll 0.426 0.433 0.423 2642 1.229 1.239 1.234 2587 287 
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0.75 0.422 0.395 0.415 0.411 2522 1.243 1.287 1.202 1.244 2619 291 
0.75 0.429 0.411 0.395 0.412 2531 1.212 1.281 1.247 2627 292 
0.75 0.428 0.442 0.424 0.431 2719 1.212 1.218 1.216 1.215 2527 281 
1.00 0.644 0.629 0.664 0.646 4991 1.479 1.420 1.450 3313 368 
1.00 0.616 0.629 0.644 0.630 4808 1.415 1.436 1.439 1.430 3245 361 
1.00 0.642 0.596 0.611 0.616 4657 1.411 1.389 1.399 1.400 3139 349 
1.00 0.597 0.646 0.654 0.632 4838 1.418 1.392 1.378 1.396 3127 347 
1.50 0.845 0.846 0.854 0.848 7474 1.453 1.494 1.563 1.503 3503 389 
1.50 0.884 0.888 0.889 0.887 7814 1.490 1.557 1.632 1.560 3706 412 
1.50 0.805 0.789 0.789 0.794 6586 1.470 1.502 1.559 1.510 3528 392 
Table A.13: Raw data for lysozyme adsorption onto PS membranes 
A.2.2.4 Ovalbumin 
Protein Mean Protein Mean Protein Protein 
Cone % Cone Cone Adsorbed 
(!lg!m1) (!lg!m1) (!lg!em') 
Absorption @ 750nm Absorption @ 750nm 
2.00 1.039 1.115 1.119 1.091 10751 1.409 1.473 1.441 3283 365 
2.00 1.015 1.138 1.131 1.095 10807 1.587 1.646 1.688 1.640 4004 445 
2.00 1.063 1.017 1.011 1.030 9846 1.555 1.585 1.628 1.589 3815 424 
2.00 1.125 1.169 1.150 1.148 11626 1.656 1.735 1.738 1.710 4266 474 
2.00 1.116 1.142 1.153 1.137 11456 1.625 1.676 1.738 1.680 4152 461 
2.00 1.070 1.054 1.077 1.067 10390 1.512 1.526 1.668 1.569 3739 415 
2.00 1.160 1.177 1.152 1.163 11861 1.625 1.691 1.721 1.679 4149 461 
2.00 1.197 1.167 1.158 1.174 12033 1.646 1.649 1.704 1.666 4102 456 
2.00 1.231 1.263 1.268 1.254 13313 1.591 1.619 1.694 1.635 3983 443 
2.00 1.117 1.137 1.092 1.115 11122 1.625 1.653 1.691 1.656 4064 452 
2.00 1.116 1.078 1.048 1.081 10595 1.691 1.777 1.673 1.714 4281 476 
2.00 1.227 1.255 1.256 1.246 13184 1.610 1.616 1.621 1.616 3912 435 
2.00 1.276 1.057 1.171 1.168 11939 1.595 1.598 1.594 1.596 3838 426 
2.00 1.319 1.292 1.285 1.299 14047 1.639 1.645 1.630 1.638 3995 444 
2.00 1.172 1.049 1.240 1.154 11715 1.649 1.695 1.704 1.683 4163 463 
2.00 1.549 1.540 1.653 1.581 18972 1.734 1.793 1.716 1.748 4412 490 
2.00 1.538 1.468 1.526 1.511 17703 1.798 1.809 1.802 1.803 4627 514 
2.00 1.544 1.555 1.565 1.555 18497 1.798 1.714 1.724 1.745 4403 489 
2.00 1.513 1.513 1.641 1.556 18515 1.704 1.702 1.736 1.714 4282 476 
2.00 1.936 1.793 2.081 1.937 25862 1.858 1.854 1.848 1.853 4826 536 
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2.00 2.033 1.959 1.964 1.985 26859 1.871 1.838 1.895 1.868 4884 543 
2.00 1.884 1.642 1.913 1.813 23388 1.868 1.891 1.878 1.879 4928 548 
2.00 2.069 1.936 1.896 1.967 26482 1.871 1.858 1.858 1.862 4862 540 
Table A.14 Cont. : Raw data for ovalbumin adsorption onto PS membranes 
A.2.2.S Pepsin 
Protein Mean Protein Actual Mean Protein Actual 
Conc Absorption @ Conc Protein Absorption @ Conc Protein 
% 7S0nm (Ilglml) Adsorbed 
(ue/cm') 
7S0nm (Ilglml) Adsorbed 
(ue/cm') 
0.00 0.046 0.050 0.049 0.048 0 0 0.066 0.063 0.065 0.065 0 0 
0.00 0.045 0.046 0.046 0.046 0 0 0.059 0.054 0.063 0.059 0 0 
0.10 0.175 0.173 0.170 0.173 421 56 0.437 0.459 0.469 0.455 25 56 
0.10 0.177 0.169 0.166 0.171 412 50 0.405 0.436 0.441 0.427 22 50 
0.10 0.170 0.170 0.166 0.169 402 51 0.442 0.426 0.432 0.433 23 51 
0.25 0.270 0.274 0.274 0.273 1001 89 0.581 0.589 0.599 0.590 40 89 
0.25 0.283 0.284 0.284 0.284 1077 66 0.465 0.498 0.542 0.502 30 66 
0.25 0.286 0.286 0.276 0.283 1070 76 0.535 0.542 0.549 0.542 34 76 
0.25 0.276 0.283 0.280 0.280 1049 62 0.468 0.496 0.490 0.485 28 62 
0.50 0.539 0.523 0.529 0.530 3341 128 0.776 0.773 0.775 58 128 
0.50 0.522 0.530 0.532 0.528 3315 119 0.729 0.751 0.740 54 119 
0.50 0.546 0.541 0.541 0.543 3481 134 0.748 0.816 0.819 0.794 60 134 
0.50 0.533 0.537 0.537 0.536 3402 128 0.733 0.814 0.776 0.774 58 128 
0.75 0.656 0.663 0.682 0.667 4593 148 0.820 0.876 0.848 67 148 
0.75 0.678 0.683 0.696 0.686 4797 171 0.887 0.945 0.955 1.101 77 171 
0.75 0.689 0.673 0.686 0.683 4764 166 0.890 0.913 0.925 0.909 75 166 
0.75 0.693 0.687 0.683 0.688 4820 151 0.824 0.877 0.874 0.858 68 151 
1.00 0.887 0.885 0.891 0.888 7212 184 0.920 0.972 1.023 0.972 83 184 
1.00 0.872 0.893 0.893 0.886 7190 196 0.954 1.026 1.053 0.929 88 196 
1.00 0.884 0.883 0.878 0.882 7135 224 1.123 1.090 1.089 1.011 101 224 
1.00 0.870 0.872 0.865 0.869 6974 216 1.053 1.067 1.106 1.075 97 216 
1.50 1.142 1.150 1.153 1.148 10817 232 1.095 1.139 1.139 1.124 104 232 
1.50 1.165 1.183 1.172 1.173 11189 227 1.050 1.150 1.128 1.109 102 227 
1.50 1.378 1.386 1.398 1.387 14560 235 1.080 1.148 1.173 1.134 106 235 
Table A.2.1S: Raw data for pepsin adsorption onto PS membranes 
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Protein Mean Protein Actual Mean Protein Actual 
Conc Conc Protein Conc Protein 
% Absorption @ (!Iglml) Adsorbed Absorption @ (!Iglml) Adsorbed 
750nm (!Iglcm
2) 750nm (!Iglcm
2) 
2.00 1.375 1.344 1.357 1.359 14090 342 1.382 1.461 1.474 1.439 154 342 
2.00 1.367 1.346 1.382 1.365 14194 289 1.247 1.323 1.306 1.292 130 289 
2.00 1.322 1.385 1.411 1.373 14319 320 1.307 1.403 1.431 1.380 144 320 
2.00 1.391 1.378 1.385 1.385 14516 279 1.204 1.290 1.304 1.266 126 279 
2.00 1.354 1.410 1.356 1.373 14330 271 1.181 1.269 1.278 1.243 122 271 
2.00 1.416 1.423 1.394 1.411 14952 281 1.223 1.291 1.301 1.272 127 281 
2.00 1.372 1.362 1.367 14226 270 1.186 1.269 1.263 1.239 122 270 
2.00 1.380 1.380 1.375 1.378 14412 286 1.223 1.309 1.321 1.284 129 286 
2.00 1.369 1.395 1.406 1.390 14604 314 1.293 1.395 1.398 1.362 141 314 
2.00 1.522 1.565 1.538 1.542 17184 256 1.173 1.197 1.227 1.199 115 256 
2.00 1.699 1.459 1.448 1.535 17073 267 1.251 1.228 1.212 1.230 120 267 
2.00 1.555 1.542 1.464 1.520 16812 324 1.389 1.413 1.368 1.390 146 324 
2.00 1.765 1.888 1.984 1.879 23443 363 1.487 1.495 1.500 1.494 163 363 
2.00 1.777 1.892 1.707 1.792 21762 332 1.407 1.407 1.424 1.413 149 332 
2.00 1.989 1.715 1.755 1.820 22292 313 1.377 1.366 1.342 1.362 141 313 
2.00 1.726 1.904 1.892 1.841 22697 367 1.503 1.517 1.492 1.504 165 367 
2.00 1.741 1.691 1.569 1.667 19427 402 1.601 1.593 1.589 1.594 181 402 
2.00 1.852 1.810 1.823 1.828 22459 395 1.548 1.561 1.621 1.577 178 395 
2.00 1.820 1.796 1.673 1.763 21212 370 1.526 1.516 1.495 1.512 166 370 
2.00 1.917 1.704 1.896 1.839 22665 325 1.377 1.403 1.401 1.394 146 325 
Table A.IS Cont.: Raw data for pepsin adsorption onto PS membranes 
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Appendix A.2.3 Raw data for protein adsorption onto ET membranes 
A.2.3.1 BSA 
Protein Mean Protein Mean Protein Protein 
Cone Absorption @ Cone 
% 750nm (flg/m1) Absorption @ 
Cone Adsorbed 
(flg/m1) (flg/cm') 750nm 
0.00 0.085 0.099 0.075 0.086 0 0.086 0.118 0.102 0 0 
0.00 0.082 0.084 0.109 0.092 0 0.089 0.088 0.082 0.086 -1 -2 
0.10 0.308 0.270 0.273 0.284 1056 0.298 0.284 0.304 0.295 14 32 
0.10 0.279 0.280 0.273 0.277 1013 0.252 0.274 0.255 0.260 11 25 
0.10 0.299 0.282 0.274 0.285 1065 0.298 0.270 0.276 0.281 13 29 
0.10 0.270 0.258 0.273 0.267 943 0.279 0.288 0.265 0.277 13 28 
0.25 0.486 0.498 0.501 0.495 2788 0.378 0.392 0.365 0.378 23 51 
0.25 0.497 0.486 0.496 0.493 2769 0.378 0.381 0.381 0.380 23 51 
0.25 0.500 0.491 0.513 0.501 2848 0.382 0.396 0.384 0.387 24 53 
0.25 0.525 0.482 0.497 0.501 2848 0.397 0.378 0.397 0.391 24 54 
0.50 0.807 0.765 0.782 0.785 5443 0.453 0.475 0.493 0.474 34 75 
0.50 0.767 0.771 0.769 5263 0.485 0.496 0.465 0.482 35 77 
0.50 0.764 0.793 0.754 0.770 5279 0.468 0.458 0.444 0.457 32 70 
0.75 0.978 0.955 1.014 0.982 7897 0.513 0.520 0.487 0.507 38 84 
0.75 1.028 0.999 1.013 1.013 8312 0.518 0.525 0.483 0.509 38 85 
0.75 0.944 0.956 1.048 0.983 7902 0.512 0.543 0.550 0.535 42 92 
0.75 1.012 0.949 1.023 0.995 8061 0.510 0.493 0.479 0.494 36 81 
1.00 1.201 1.203 1.230 1.211 11140 0.607 0.612 0.602 0.607 51 114 
1.00 1.182 1.180 1.189 1.184 10726 0.598 0.590 0.594 0.594 49 1I0 
1.00 1.193 1.185 1.173 1.184 10726 0.541 0.550 0.542 0.544 43 95 
1.00 1.196 1.192 1.181 1.190 10816 0.633 0.633 0.633 55 122 
1.50 1.020 1.024 1.035 1.026 11317 0.547 0.546 0.530 0.541 42 94 
1.50 1.091 1.088 1.090 1.090 12488 0.527 0.535 0.538 0.533 41 92 
1.50 0.938 1.151 0.975 1.021 11227 0.545 0.563 0.555 0.554 44 98 
1.50 0.872 0.906 1.308 1.029 11360 0.568 0.582 0.579 0.576 47 105 
2.00 1.254 1.273 1.216 1.248 15589 0.654 0.691 0.673 0.673 61 135 
2.00 1.246 1.247 1.271 1.255 15732 0.671 0.693 0.699 0.688 63 140 
2.00 1.291 1.119 1.265 1.225 15128 0.657 0.689 0.690 0.679 62 137 
2.00 1.298 1.094 1.417 1.270 16041 0.660 0.672 0.666 60 133 
2.00 1.535 1.517 1.595 1.549 16637 0.690 0.674 0.669 0.678 62 137 
2.00 1.507 1.502 1.574 1.528 16266 0.771 0.761 0.751 0.761 74 165 
2.00 1.581 1.668 1.531 . 1.593 17419 0.720 0.713 0.703 0.712 67 148 
2.00 1.548 1.577 1.599 1.575 17088 0.707 0.697 0.702 65 145 
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Protein Mean Protein Mean Protein Protein 
Cone Absorption @ Cone 
% 7S0nm (llg/mJ) Absorption @ 
Cone Adsorbed 
(llg/mJ) (llg/eml ) 7S0nm 
2.00 1.592 1.573 1.584 1.583 22980 0.878 0.841 0.857 0.859 91 201 
2.00 1.632 1.651 1.627 1.637 24260 0.863 0.818 0.849 0.843 88 195 
2.00 1.602 1.609 1.645 1.619 23828 0.843 0.900 0.857 0.867 92 204 
2.00 1.611 1.639 1.600 1.617 23780 0.844 0.874 0.851 0.856 90 200 
2.00 1.694 1.533 1.561 1.596 23288 0.831 0.823 0.819 0.824 85 188 
2.00 1.909 1.344 1.407 1.553 22284 0.855 0.843 0.832 0.843 88 195 
2.00 1.452 1.597 1.444 1.498 20999 0.849 0.876 0.885 0.870 92 206 
2.00 1.468 1.528 1.503 1.500 21045 0.864 0.878 0.891 0.878 94 208 
Table A.16: Raw data for protein adsorption onto ET membranes 
Appendix A.2.3.2 Casein 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone 
7S0nm (llg/mJ) 
Absorption @ Cone Adsorbed 
7S0nm (llg/mJ) (llg/eml ) 
0.00 0.078 0.074 0.075 0.076 0 0.138 0.143 0.155 0.145 0 0 
0.10 0.203 0.198 0.208 0.203 650 0.276 0.274 0.289 0.280 15 33 
0.10 0.204 0.215 0.209 0.209 694 0.282 0.258 0.280 0.273 14 32 
0.10 0.224 0.227 0.210 0.220 771 0.255 0.267 0.249 0.257 12 28 
0.10 0.205 0.199 0.203 0.202 646 0.266 0.258 0.277 0.267 14 30 
0.25 0.355 0.353 0.352 0.353 1927 0.377 0.366 0.397 0.380 27 61 
0.25 0.361 0.355 0.350 0.355 1948 0.369 0.377 0.429 0.392 29 65 
0.25 0.364 0.347 0.340 0.350 1897 0.370 0.364 0.452 0.395 30 66 
0.25 0.358 0.343 0.344 0.348 1877 0.373 0.381 0.404 0.386 28 63 
0.50 0.572 0.535 0.525 0.544 4225 0.467 0.432 0.477 0.459 39 86 
0.50 0.579 0.572 0.572 0.574 4655 0.456 0.459 0.438 0.451 37 83 
0.50 0.573 0.550 0.481 0.535 4096 0.428 0.420 0.390 0.413 32 71 
0.50 0.581 0.575 0.529 0.562 4473 0.475 0.453 0.425 0.451 37 83 
0.75 0.731 0.702 0.799 0.744 7364 0.484 0.467 0.441 0.464 39 88 
0.75 0.711 0.785 0.801 0.766 7746 0.502 0.484 0.449 0.478 42 92 
0.75 0.800 0.675 0.692 0.722 6990 0.511 0.491 0.459 0.487 43 95 
0.75 0.763 0.773 0.635 0.724 7013 0.502 0.495 0.468 0.488 43 96 
1.00 0.894 1.007 0.953 0.951 10037 0.584 0.566 0.547 0.566 55 123 
1.00 0.911 0.848 0.978 0.912 9407 0.541 0.535 0.498 0.525 49 108 
1.00 0.833 0.942 0.883 0.886 8989 0.550 0.544 0.510 0.535 50 112 
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Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone 
7S0nm (llglml) 
Absorption @ Cone Adsorbed 
7S0nm (llglml) (l1g1em') 
1.50 1.096 1.187 1.145 1.143 13326 0.599 0.681 0.589 0.623 65 145 
1.50 1.133 1.133 1.051 1.106 12665 0.652 0.653 0.592 0.632 67 148 
1.50 1.151 1.121 0.969 1.080 12220 0.617 0.686 0.687 0.663 72 161 
1.50 1.044 1.077 1.157 1.093 12436 0.656 0.585 0.672 0.638 68 151 
2.00 1.505 1.529 1.569 1.534 20983 0.808 0.793 0.752 0.784 95 211 
2.00 1.345 1.249 1.464 1.353 17284 0.816 0.843 0.716 0.792 97 215 
2.00 1.446 1.310 1.453 1.403 18284 0.797 0.838 0.678 0.771 93 206 
2.00 1.247 1.294 1.635 1.392 18064 0.875 0.793 0.716 0.795 97 216 
2.00 1.403 1.461 1.397 1.420 18633 0.807 0.788 0.708 0.768 92 204 
2.00 1.372 1.471 1.354 1.399 18204 0.789 0.762 0.813 0.788 96 213 
2.00 1.465 1.391 1.364 1.407 18358 0.729 0.690 0.723 0.714 82 181 
2.00 1.402 1.441 1.352 1.398 18191 0.785 0.761 0.689 0.745 88 194 
2.00 1.360 1.484 1.548 1.464 19522 0.775 0.766 0.728 0.756 90 199 
Table A.17: Casein adsorption onto ET membranes 
A.2.3.3 Lysozyme 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
7S0nm (11g1m1) 7S0nm (llglml) (llglem') 
0.00 0.091 0.089 0.106 0.095 0 0.089 0.096 0.090 0.092 0 0 
0.10 0.299 0.316 0.306 0.307 1080 0.385 0.384 0.368 0.379 417 46 
0.10 0.297 0.309 0.310 0.305 1069 0.348 0.363 0.349 0.353 334 37 
0.10 0.280 0.293 0.272 0.282 925 0.405 0.397 0.373 0.392 401 45 
0.10 0.307 0.298 0.305 0.303 1057 0.390 0.395 0.370 0.385 389 43 
0.25 0.553 0.564 0.576 0.564 2940 0.464 0.459 0.437 0.453 516 57 
0.25 0:539 0.565 0.597 0.567 2961 0.468 0.437 0.445 0.450 509 57 
0.25 0.593 0.533 0.572 0.566 2953 0.448 0.481 0.459 0.463 534 59 
0.25 0.544 0.535 0.538 0.539 2736 0.471 0.464 0.439 0.458 525 58 
0.50 0.872 0.896 0.875 0.881 5804 0.539 0.537 0.537 0.538 686 76 
0.50 0.877 0.867 0.889 0.878 5771 0.585 0.549 0.513 0.549 710 79 
0.50 0.856 0.898 0.902 0.885 5847 0.540 0.559 0.487 0.529 667 74 
0.50 0.904 0.887 0.883 0.891 5906 0.476 0.535 0.516 0.509 626 70 
0.75 1.102 1.027 0.971 1.033 7296 0.623 0.618 0.653 0.631 892 99 
0.75 0.961 1.045 1.102 1.036 7325 0.643 0.599 0.620 0.621 868 96 
0.75 0.965 1.044 1.126 1.045 7425 0.613 0.609 0.644 0.622 871 97 
0.75 0.983 1.104 1.043 1.043 7406 0.614 0.634 0.636 0.628 884 98 
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Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (1lg/m1) 750nm (1lg/m1) (llg/em2) 
1.00 1.341 1.432 1.365 1.379 11432 0.684 0.681 0.679 0.681 1008 112 
1.00 1.435 1.361 1.403 1.400 11693 0.652 0.724 0.726 0.701 1055 117 
1.00 1.401 1.427 1.337 1.388 11547 0.695 0.680 0.690 0.688 1025 114 
1.00 1.403 1.369 1.398 1.390 11569 0.674 0.739 0.736 0.716 1093 121 
1.50 1.917 1.803 1.896 1.872 18297 0.742 0.788 0.815 0.782 1256 140 
1.50 1.931 1.845 1.865 1.880 18422 0.789 0.859 0.847 0.832 1386 154 
1.50 1.810 1.864 1.864 1.846 17908 0.736 0.813 0.824 0.791 1280 142 
2.00 2.346 2.173 2.232 2.250 24256 0.992 0.889 0.969 0.950 1709 190 
2.00 2.081 2.241 2.382 2.235 23998 0.851 0.922 0.937 0.903 1579 175 
2.00 2.290 2.270 2.280 2.280 24747 0.818 0.871 0.885 0.858 1456 162 
2.00 2.223 2.260 2.214 2.232 23960 0.862 0.943 0.931 0.912 1603 178 
2.00 2.189 2.205 2.197 23382 0.939 0.936 0.845 0.907 1588 176 
2.00 2.251 2.30\ 2.251 2.268 24542 0.984 0.936 0.844 0.921 1628 181 
2.00 2.270 2.334 2.340 2.315 25324 0.904 0.885 0.841 0.877 1506 167 
2.00 2.181 2.370 2.276 24672 0.995 0.971 0.903 0.956 1727 192 
Table A.18: Raw data for lysozyme adsorption onto ET membranes 
A.2.3.4: Ovalbumin 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (1lg/m1) 750nm (1lg/m1) (llg/em2) 
0.00 0.048 0.053 0.054 0.052 0 0.085 0.086 0.091 0.087 0 0 
0.00 0.063 0.062 0.070 0.065 0 0.088 0.099 0.101 0.096 0 1 
0.10 0.289 0.276 0.282 0.282 584 0.370 0.402 0.414 0.395 20 44 
0.10 0.286 0.285 0.301 0.291 671 0.385 0.404 0.393 0.394 20 44 
0.10 0.274 0.281 0.278 0.278 619 0.394 0.407 0.415 0.405 21 46 
0.10 0.302 0.302 0.298 0.301 712 0.404 0.427 0.425 0.419 22 49 
0.25 0.577 0.566 0.565 0.569 2098 0.567 0.577 0.572 38 83 
0.25 0.584 0.577 0.561 0.574 2127 0.601 0.607 0.563 0.590 40 88 
0.25 0.588 0.570 0.564 0.574 2127 0.567 0.609 0.606 0.594 40 89 
0.25 0.608 0.592 0.590 0.597 2268 0.565 0.584 0.575 38 84 
0.50 1.011 0.984 0.984 0.993 5249 0.612 0.619 0.617 0.616 43 95 
0.50 0.950 0.939 0.951 0.947 4854 0.631 0.630 0.625 0.629 44 98 
0.50 0.940 0.953 0.941 0.945 4837 0.623 0.625 0.619 0.622 43 96 
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Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (1lg/m1) 750nm (1lg/m1) (Ilg/em') 
0.75 1.348 1.339 1.351 1.346 8632 0.685 0.697 0.688 0.690 51 114 
0.75 1.306 1.301 1.343 1.317 8327 0.633 0.614 0.599 0.615 42 94 
0.75 1.306 1.307 1.333 1.315 8313 0.689 0.675 0.695 0.686 51 113 
1.00 1.635 1.632 1.634 11837 0.748 0.756 0.736 0.747 59 130 
1.00 1.587 1.612 1.625 1.608 11537 0.806 0.791 0.749 0.782 63 141 
1.00 1.581 1.628 1.605 11496 0.740 0.763 0.714 0.739 58 128 
1.00 1.579 1.589 1.606 1.591 11343 0.787 0.776 0.731 0.765 67 150 
1.50 2.039 2.081 2.069 2.063 17312 0.853 0.886 0.861 0.867 83 185 
1.50 2.022 2.011 1.995 2.009 16585 0.873 0.895 0.846 0.871 84 186 
1.50 2.027 2.039 2.005 2.024 16778 0.862 0.835 0.854 0.850 80 179 
1.50 2.022 1.913 2.005 1.980 16193 0.816 0.825 0.831 0.824 76 170 
2.00 2.482 2.451 2.408 2.447 22855 0.898 0.911 0.874 0.894 88 194 
2.00 2.451 2.466 2.466 2.461 23068 0.865 0.899 0.885 0.883 86 190 
2.00 2.408 2.553 2.498 2.486 23456 0.869 0.893 0.901 0.888 86 190 
2.00 2.498 2.466 2.482 2.482 23389 0.911 0.915 0.925 0.917 91 203 
2.00 2.533 2.466 2.436 2.478 23333 0.932 0.925 0.941 0.933 94 208 
2.00 2.466 2.466 2.533 2.488 23487 0.869 0.875 0.841 0.862 82 183 
Table A.19: Data for ovalbumin adsorption onto ET membranes 
A.2.3.S Pepsin 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (1lg/m1) 750nm (1lg/m1) (Ilg/em') 
0.00 0.075 0.077 0.073 0.075 0 0.085 0.075 0.075 0.078 0 0 
0.00 0.064 0.076 0.065 0.068 0 0.166 0.135 0.137 0.146 0 0 
0.10 0.332 0.306 0.306 0.315 625 0.312 0.307 0.323 0.314 12 27 
0.10 0.323 0.278 0.318 0.306 636 0.385 0.409 0.393 0.396 18 40 
0.10 0.281 0.321 0.309 0.304 627 0.384 0.410 0.373 0.389 18 41 
0.25 0.521 0.573 0.536 0.543 1633 0.459 0.445 0.433 0.446 24 53 
0.25 0.513 0.579 0.523 0.538 1609 0.418 0.411 0.396 0.408 20 45 
0.25 0.500 0.536 0.578 0.538 1607 0.459 0.442 0.427 0.443 23 52 
0.25 0.491 0.576 0.543 0.537 1601 0.465 0.462 0.447 0.458 25 56 
0.50 0.894 0.754 0.762 0.803 3054 0.558 0.522 0.505 0.528 32 72 
0.50 0.797 0.781 0.890 0.823 3172 0.529 0.535 0.510 0.525 32 71 
0.50 0.929 0.790 0.851 0.857 3383 0.531 0.518 0.522 0.524 32 71 
0.50 0.815 0.765 0.816 0.799 3026 0.541 0.549 0.540 0.543 34 76 
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Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (Ilglml) 750nm (Ilglml) (Ilglem') 
0.75 1.173 1.126 0.954 1.084 4916 0.588 0.580 0.571 0.580 38 86 
0.75 1.211 1.128 1.120 1.153 5417 0.578 0.596 0.574 0.583 39 86 
0.75 1.083 1.161 1.076 1.107 5077 0.592 0.575 0.566 0.578 38 85 
0.75 1.104 1.018 0.973 1.032 4543 0.572 0.557 0568 0.566 37 82 
1.00 1.236 1.251 1.246 1.244 6110 0.688 0.678 0.646 0.671 50 111 
1.00 1.373 1.214 1.200 1.262 6250 0.670 0.665 0.647 0.661 49 108 
1.00 1.366 1.369 1.368 7091 0.649 0.642 0.619 0.637 46 101 
1.00 1.321 1.237 1.294 1.284 6420 0.818 0.813 0.783 0.805 61 136 
1.50 1.738 1.505 1.573 1.605 9129 0.825 0.834 0.788 0.816 62 139 
1.50 1.774 1.553 1.738 1.688 9883 0.802 0.815 0.777 0.798 60 134 
1.50 1.574 1.428 1.724 1.575 8862 0.846 0.787 0.685 0.773 57 127 
1.50 1.653 1.608 1.585 1.615 9219 0.788 0.848 0.842 0.826 64 142 
2.00 1.904 1.989 1.898 1.930 12202 0.812 0.816 0.811 0.813 62 138 
2.00 2.045 1.945 2.069 2.020 13101 0.811 0.806 0.795 0.804 61 136 
2.00 1.984 2.128 1.917 2.010 12999 0.837 0.825 0.811 0.824 63 141 
2.00 1.979 2.223 2.214 2.139 14335 0.750 0.796 0.771 0.772 57 127 
2.00 2.000 2.039 1.896 1.978 12682 0.805 0.791 0.777 0.791 59 132 
2.00 1.904 2.045 2.039 1.996 12861 0.736 0.793 0.803 0.777 58 128 
2.00 2.057 1.940 2.142 2.046 13374 0.768 0.785 0.764 0.772 57 127 
2.00 2.205 1.979 2.189 2.124 14184 0.785 0.814 0.802 0.800 61 135 
2.00 2.121 1.984 2.101 2.069 13604 0.765 0.769 0.795 0.776 58 128 
2.00 2.045 2.088 2.027 2.053 13446 0.763 0.792 0.814 0.790 59 132 
2.00 1.522 1.565 1.538 1.542 17131 0.805 0.837 0.821 0.821 63 140 
2.00 1.699 1.459 1.448 1.535 17021 0.756 0.777 0.788 0.774 57 127 
2.00 1.555 1.542 1.464 1.520 16760 0.752 0.757 0.924 0.811 62 137 
2.00 1.765 1.888 1.984 1.879 23391 0.712 0.821 0.720 0.751 55 122 
2.00 1.777 1.892 1.707 1.792 21710 0.833 0.879 0.821 0.844 66 147 
2.00 1.989 1.715 1.755 1.820 22239 0.776 0.833 0.813 0.807 61 136 
2.00 1.726 1.904 1.892 1.841 22645 0.805 0.848 0.843 0.832 64 143 
2.00 1.741 1.691 1.569 1.667 19375 0.828 0.886 0.962 0.892 72 160 
2.00 1.852 1.810 1.823 1.828 22406 0.754 0.824 0.796 0.791 59 132 
2.00 1.820 1.796 1.673 1.763 21160 0.828 0.851 0.878 0.852 67 149 
2.00 1.917 1.704 1.896 1.839 22612 0.900 0.832 0.781 0.838 65 145 
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Appendix 2.4: Raw data for protein adsorption onto RC membranes 
A.2.4.1 BSA 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone f\dsorbe 
750nm (J.lg/m1) 750nm (J.lg/m1) d 
I Ci.lWcm' 
0.00 0.078 0.067 0.073 0 0.047 0.047 0.043 0.046 0 0 
0.00 0.067 0.068 0.069 0.068 ·19 0.056 0.050 0.053 0 1 
0.10 0.188 0.184 0.191 0.188 677 0.076 0.088 0.083 0.082 1 3 
0.10 0.181 0.178 0.188 0.182 639 0.077 0.083 0.081 0.080 1 3 
0.10 0.178 0.195 0.190 0.188 677 0.069 0.070 0.072 0.070 1 2 
0.10 0.192 0.190 0.184 0.189 685 0.067 0.079 0.074 0.073 1 2 
0.25 0.387 0.386 0.382 0.385 2489 0.134 0.146 0.152 0.144 5 11 
0.25 0.388 0.386 0.395 0.390 2540 0.159 0.155 0.210 0.175 7 15 
0.25 0.392 0.397 0.413 0.401 2662 0.151 0.164 0.163 0.159 6 13 
0.25 0.394 0.385 0.380 0.386 2504 0.146 0.146 0.152 0.148 5 11 
0.50 0.641 0.633 0.666 0.647 5837 0.238 0.262 0.266 0.255 13 29 
0.50 0.641 0.646 0.640 0.642 5774 0.252 0.261 0.261 0.258 13 30 
0.50 0.662 0.681 0.667 0.670 6180 0.259 0.274 0.273 0.269 14 32 
0.50 0.652 0.656 0.687 0.665 6106 0.275 0.294 0.295 0.288 16 36 
0.75 0.810 0.782 0.777 0.790 8044 0.325 0.358 0.368 0.350 22 49 
0.75 0.778 0.814 0.807 0.800 8208 0.318 0.340 0.334 0.331 20 45 
0.75 0.811 0.839 0.805 0.818 8516 0.330 0.335 0.359 0.341 21 47 
0.75 0.790 0.796 0.796 0.794 8115 0.336 0.344 0.341 0.340 21 47 
1.00 0.905 0.932 0.951 0.929 10429 0.383 0.407 0.411 0.400 28 61 
1.00 0.935 0.941 0.941 0.939 10602 0.387 0.416 0.408 0.404 28 62 
1.00 0.918 0.939 0.954 0.937 10566 0.412 0.433 0.429 0.425 30 67 
1.00 0.944 0.958 0.958 0.953 10860 0.407 0.418 0.425 0.417 29 65 
1.50 1.255 1.281 1.252 1.263 16944 0.550 0.581 0.575 0.569 48 108 
1.50 1.252 1.257 1.274 1.261 15924 0.546 0.573 0.578 0.566 48 107 
1.50 1.268 1.279 1.290 1.279 17292 0.495 0.531 0.537 0.521 42 94 
1.50 1.273 1.248 1.259 1.260 16888 0.477 0.513 0.530 0.507 40 90 
2.00 1.514 1.528 1.542 1.528 21758 0.540 0.583 0.595 0.573 44 99 
2.00 1.533 1.569 1.540 1.547 23343 0.603 0.640 0.651 0.631 52 116 
2.00 1.538 1.559 1.540 1.546 22168 0.660 0.719 0.720 0.700 62 137 
2.00 1.563 1.567 1.595 1.575 . 22854 0.538 0.579 0.589 0.569 44 97 
2.00 1.531 1.517 1.589 1.546 23303 0.505 0.543 0.560 0.536 40 88 
2.00 1.549 1.577 1.549 1.558 23604 0.659 0.716 0.723 0.699 62 137 
2.00 1.524 1.546 1.579 1.550 22261 0.625 0.574 0.634 0.611 49 110 
Table A.21: Raw data for BSA adsorption onto RC membranes 
L M. Ayre, Ph.D. Thesis 269 
Chapter 9. Appendices 
A.2.4.2 Casein 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (!lglmI) 750nm (!lglmI) (!lglcm') 
0.00 0.076 0.078 0.085 0.080 0 0.223 0.240 0.242 0.235 0 0 
0.10 0.185 0.201 0.205 0.197 796 0.254 0.260 0.258 0.257 2 5 
0.10 0.184 0.174 0.182 0.180 650 0.259 0.263 0.257 0.260 3 6 
0.10 0.181 0.179 0.189 0.183 675 0.269 0.241 0.256 0.255 2 5 
0.10 0.183 0.188 0.182 0.184 686 0.251 0.254 0.260 0.255 2 5 
0.25 0.308 0.291 0.285 0.295 1808 0.307 0.298 0.291 0.299 7 15 
0.25 0.296 0.303 0.293 0.297 1839 0.315 0.293 0.287 0.298 7 15 
0.25 0.300 0.286 0.305 0.297 1835 0.296 0.297 0.305 0.299 7 16 
0.25 0.292 0.304 0.308 0.301 1887 0.305 0.287 0.301 0.298 7 15 
0.50 0.526 0.545 0.569 0.547 5665 0.303 0.321 0.316 0.313 9 19 
0.50 0.536 0.554 0.562 0.551 5739 0.315 O.3II 0.316 0.314 9 20 
0.50 0.521 0.525 0.486 O.5II 5012 0.201 0.203 0.205 0.203 8 18 
0.50 0.541 0.556 0.542 0.546 5659 0.206 0.214 0.208 0.209 9 19 
0.75 0.764 0.702 0.682 0.716 9158 0.249 0.252 0.248 0.250 13 28 
0.75 0.727 0.725 0.719 0.724 9332 0.260 0.272 0.234 0.255 13 30 
0.75 0.566 0.662 0.869 0.699 8777 0.270 0.274 0.260 0.268 15 33 
0.75 0.699 0.713 0.731 0.714 9120 0.260 0.287 0.291 0.279 16 35 
1.00 0.844 1.025 0.880 0.916 12610 0.347 0.344 0.305 0.332 22 49 
1.00 0.902 0.968 0.843 0.904 12355 0.313 0.314 0.319 0.315 20 45 
1.00 1.048 0.839 0.899 0.929 12874 0.305 0.322 0.321 0.316 20 45 
1.00 0.895 0.874 0.995 0.921 12717 0.343 0.340 0.312 0.332 22 49 
1.50 1.092 0.921 1.203 1.072 16081 0.383 0.430 0.431 0.415 34 75 
1.50 1.281 0.943 1.109 I.1II 16995 0.369 0.408 0.409 0.395 31 69 
1.50 1.152 1.186 1.038 1.125 17335 0.522 0.496 0.485 0.501 48 106 
1.50 1.207 0.990 1.125 1.107 16908 0.465 0.417 0.465 0.449 39 87 
2.00 1.509 1.430 1.322 1.420 24826 0.437 0.543 0.498 0.493 46 103 
2.00 1.401 1.333 1.299 1.344 22810 0.441 0.497 0.508 0.482 45 99 
2.00 1.409 1.474 1.306 1.396 24183 0.430 0.465 0.500 0.465 42 93 
2.00 1.309 1.544 1.417 1.423 24907 0.442 0.489 0.501 0.477 44 97 
2.00 1.410 1.298 1.437 1.382 23793 0.451 0.447 0.449 39 87 
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Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Cone Adsorbed 
7S0nm (~glmI) Absorption @ 7S0nm (~glmI) (~glem') 
0.00 0.087 0.083 0.083 0.084 0 0.135 0.141 0.137 0.138 0 0 
0.10 0.302 0.306 0.299 0.302 1091 0.280 0.274 0.270 0.275 190 21 
0.10 0.318 0.305 0.302 0.308 1128 0.296 0.292 0.279 0.289 181 20 
0.10 0.343 0.306 0.333 0.327 1248 0.286 0.270 0.269 0.275 160 18 
0.10 0.353 0.249 0.270 0.291 1019 0.264 0.266 0.252 0.261 139 15 
0.25 0.441 0.440 0.486 0.456 2135 0.336 0.333 0.327 0.332 249 28 
0.25 0.483 0.459 0.422 0.455 2128 0.318 0.322 0.307 0.316 223 25 
0.25 0.496 0.429 0.572 0.499 2462 0.315 0.318 0.301 0.311 216 24 
0.25 0.528 0.419 0.487 0.478 2302 0.307 0.322 0.326 0.318 227 25 
0.50 0.761 0.777 0.749 0.762 4706 0.465 0.486 0.497 0.483 524 58 
0.50 0.729 0.679 0.803 0.737 4473 0.457 0.463 0.460 0.460 479 53 
0.50 0.793 0.760 0.746 0.766 4743 0.414 0.462 0.453 0.443 446 50 
0.50 0.872 0.738 0.775 0.795 5012 0.422 0.441 0.446 0.436 434 48 
0.75 0.964 1.035 0.965 0.988 6840 0.608 0.592 0.554 0.585 738 82 
0.75 0.946 1.013 1.165 1.041 7424 0.557 0.591 0.547 0.565 695 77 
0.75 1.124 0.926 1.074 1.041 7424 0.601 0.605 0.555 0.587 743 83 
0.75 0.998 0.879 1.021 0.966 6604 0.584 0.595 0.584 0.588 744 83 
0.75 1.057 1.052 1.017 1.042 7431 0.595 0.555 0.595 0.582 731 81 
1.00 1.434 1.489 1.083 1.335 10912 0.642 0.640 0.590 0.624 826 92 
1.00 1.270 1.097 1.384 1.250 9858 0.679 0.704 0.638 0.674 941 105 
1.00 1.147 1.356 1.195 1.233 9644 0.714 0.705 0.654 0.691 982 109 
1.00 1.266 1.373 1.314 1.318 10690 0.689 0.661 0.616 0.655 898 100 
1.50 1.637 1.551 1.416 1.535 13519 0.830 0.833 0.780 0.814 1291 143 
1.50 1.575 1.540 1.523 1.546 13673 0.784 0.771 0.729 0.761 1155 128 
1.50 1.573 1.663 1.519 1.585 14207 0.717 0.791 0.804 0.771 1179 131 
1.50 1.526 1.523 1.602 1.550 13732 0.841 0.758 0.833 0.811 1281 142 
2.00 1.904 1.927 2.114 1.982 20006 0.898 0.980 1.012 0.963 1697 189 
2.00 2.173 1.849 2.197 2.073 21433 0.894 0.975 0.982 0.950 1660 184 
2.00 1.868 2.057 1.896 1.940 19371 0.992 1.079 1.090 1.054 1960 218 
2.00 2.150 1.904 2.142 2.065 21312 0.958 1.039 1.072 1.023 1869 208 
2.00 2.181 2.022 2.114 2.106 21951 0.915 1.000 1.021 0.979 1741 193 
2.00 1.276 1.057 1.171 1.168 11830 0.716 0.802 0.715 0.744 1112 124 
2.00 1.319 1.292 1.285 1.299 13938 0.687 0.717 0.728 0.711 1030 114 
2.00 1.172 1.049 1.240 1.154 11605 0.763 0.723 0.743 1109 123 
2.00 1.549 1.540 1.653 1.581 18863 0.678 0.700 0.689 977 109 
Table A.23: Raw data for lysozyme adsorptIOn onto RC membranes 
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A.2.4.4. Ovalbumin 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (llg/mI) 750nm (llg/mI) (Ilg/em') 
0.00 0.093 0.093 0.090 0.092 0 0.103 0.101 0.102 0.102 0 0 
0.00 0.088 0.089 0.096 0.091 -2 0.095 0.109 0.105 0.103 0 0 
0.10 0.219 0.226 0.226 0.224 663 0.198 0.195 0.200 0.198 5 10 
0.10 0.220 0.219 0.229 0.223 657 0.221 0.215 0.226 0.221 6 13 
0.10 0.231 0.219 0.226 0.225· 673 0.202 0.193 0.201 0.199 5 11 
0.10 0.235 0.234 0.226 0.232 714 0.196 0.199 0.222 0.206 5 11 
0.25 0.351 0.354 0.358 0.354 1618 0.239 0.268 0.240 0.249 8 18 
0.25 0.364 0.420 0.438 0.407 2077 0.258 0.270 0.255 0.261 9 19 
0.25 0.370 0.338 0.378 0.362 1682 0.240 0.260 0.245 0.248 8 17 
0.25 0.355 0.362 0.377 0.365 1705 0.234 0.240 0.250 0.241 7 16 
0.50 0.858 0.792 0.633 0.761 6037 0.366 0.365 0.372 0.368 17 38 
0.50 0.620 0.750 0.802 0.724 5556 0.342 0.344 0.371 0.352 16 35 
0.50 0.669 0.650 0.647 0.655 4702 0.368 0.416 0.422 0.402 20 44 
0.50 0.684 0.677 0.659 0.673 4921 0.316 0.373 0.366 0.352 16 35 
0.75 0.843 0.906 0.875 8415 0.411 0.436 0.453 0.433 25 56 
0.75 0.964 0.892 0.928 9287 0.439 0.483 0.484 0.469 29 64 
0.75 0.813 1.105 0.709 0.876 8434 0.495 0.493 0.452 0.480 30 67 
0.75 1.070 0.813 0.824 0.902 8865 0.476 0.491 0.435 0.467 29 64 
1.00 1.090 1.192 1.225 1.169 13604 0.576 0.559 0.527 0.554 39 86 
1.00 1.160 1.257 0.850 1.089 12103 0.603 0.593 0.542 0.579 42 93 
1.00 1.054 1.102 1.111 1.089 12103 0.563 0.563 0.506 0.544 37 83 
1.00 1.147 1.057 1.102 1.102 12342 0.603 0.615 0.547 0.588 43 95 
1.50 1.296 1.292 1.306 1.298 16162 0.688 0.751 0.736 0.725 61 136 
1.50 1.438 1.145 1.292 16029 0.671 0.717 0.731 0.706 59 130 
1.50 1.268 1.306 1.256 1.277 15727 0.718 0.725 0.688 0.710 59 131 
1.50 1.390 1.209 1.295 1.298 16162 0.658 0.677 0.654 0.663 53 117 
2.00 1.492 1.458 1.514 1.488 20225 0.823 0.836 0.849 0.836 78 173 
2.00 1.563 1.409 1.455 1.476 19951 0.726 0.744 0.769 0.746 64 143 
2.00 1.455 1.468 1.477 1.467 19752 0.865 0.892 0.841 0.866 82 183 
2.00 1.513 1.475 1.549 1.512 20770 0.833 0.825 0.853 0.837 78 173 
2.00 1.502 1.477 1.469 1.483 20106 0.796 0.825 0.853 0.825 76 169 
2.00 1.484 1.481 1.456 1.474 19907 0.800 0.753 0.758 0.770 68 151 
2.00 1.436 1.439 1.477 1.451. 19400 0.845 0.836 0.839 0.840 78 174 
2.00 1.458 1.438 1.486 1.461 19620 0.833 0.814 0.829 0.825 76 169 
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A.2.4.5 Pepsin 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Cone Adsorbed 
750nm (Jlg/ml) 
Absorption @ 
(Jlglml) (Jlglem2) 
750nm 
0.00 0.090 0.081 0.084 0.085 0 0.120 0.094 0.105 0.106 0 0 
0.00 0.088 0.086 0.093 0.089 0 0.130 0.133 0.119 0.127 0 0 
0.10 0.272 0.237 0.223 0.244 722 0.149 0.135 0.138 0.141 1 3 
0.10 0.236 0.219 0.234 0.230 635 0.145 0.142 0.147 0.145 1 2 
0.10 0.244 0.239 0.230 0.238 683 0.147 0.132 0.137 0.139 1 3 
0.10 0.231 0.238 0.231 0.233 657 0.132 0.150 0.139 0.140 1 3 
0.25 0.471 0.381 0.400 0.417 2081 0.172 0.179 0.181 0.177 3 6 I 
0.25 0.443 0.438 0.453 0.445 2344 0.176 0.194 0.196 0.189 3 8 i 
0.25 0.434 0.412 0.404 0.417 2075 0.226 0.242 0.253 0.240 6 14 
0.25 0.478 0.417 0.388 0.428 2179 0.208 0.211 0.213 0.211 5 10 
0.50 0.587 0.597 0.698 0.627 4416 0.278 0.294 0.302 0.291 10 22 
0.50 0.635 0.658 0.699 0.664 4896 0.245 0.263 0.272 0.260 8 17 
0.50 0.562 0.589 0.658 0.603 4109 0.315 0.348 0.343 0.335 13 29 
0.50 0.690 0.622 0.606 0.639 4202 0.347 0.379 0.369 0.365 16 35 
0.75 0.936 0.766 0.784 0.829 6378 0.388 0.406 0.414 0.403 19 42 
0.75 0.893 0.807 0.806 0.835 6460 0.369 0.410 0.423 0.401 19 42 
0.75 0.820 0.856 0.853 0.843 6555 0.371 0.385 0.383 0.380 17 37 
0.75 0.772 0.870 0.854 0.832 6419 0.410 0.466 0.460 0.445 23 51 
1.00 1.051 0.918 1.013 0.994 8526 0.495 0.538 0.552 0.528 32 70 
1.00 0.922 0.985 1.043 0.983 8381 0.500 0.503 0.480 0.494 28 62 
1.00 1.007 1.070 \.079 1.052 9331 0.497 0.498 0.496 0.497 28 63 
1.00 0.964 0.961 0.990 0.972 8223 0.555 0.537 0.537 0.543 33 74 
1.50 1.307 1.200 1.177 1.228 11927 0.599 0.613 0.624 0.612 42 93 
1.50 1.139 1.228 1.196 1.188 11312 0.658 0.671 0.671 0.667 49 108 
1.50 1.274 1.261 1.271 1.269 12559 0.706 0.706 0.677 0.696 53 117 
1.50 1.364 1.428 \.407 1.400 14671 0.613 0.644 0.634 0.630 44 98 
2.00 1.548 1.489 1.452 1.496 16304 0.652 0.688 0.664 0.668 49 109 
2.00 1.441 1.349 \.670 1.487 16138 0.685 0.721 0.738 0.715 55 123 
2.00 1.406 1.676 1.465 1.516 16638 0.738 0.720 0.747 0.735 58 129 
2.00 1.443 1.691 \.448 1.527 16841 0.729 0.772 0.760 0.754 61 135 
Table A.25: Raw data for pepsin adsorption onto RC membranes 
L. M. Ayre.. Ph.D. Thesis 273 
Chapter 9. Appendices 
Appendix 2.5: Raw data for protein adsorption onto CA membranes 
A.2.5.1 BSA 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ 750nm Cone Adsorbed 750nm (!lglml) (Ilglml) (llglem1) 
0.00 0.072 0.075 0.063 0.070 0 0.067 0.071 0.068 0.069 0 0 
0.00 0.067 0.068 0.069 0.068 -8 0.055 0.059 0.061 0.058 0 -1 
0.10 0.189 0.191 0.195 0.192 717 0.102 0.099 0.087 0.096 1 3 
0.10 0.184 0.188 0.192 0.188 690 0.083 0.087 0.093 0.088 1 2 
0.10 0.188 0.183 0.183 0.185 666 0.080 0.095 0.085 0.087 1 2 
0.10 0.185 0.186 0.184 0.185 669 0.087 0.108 0.091 0.095 1 3 
0.25 0.315 0.310 0.317 0.314 1768 0.113 0.113 0.104 0.110 2 4 
0.25 0.316 0.339 0.356 0.337 1996 0.119 0.145 0.128 0.131 3 7 
0.25 0.351 0.338 0.322 0.337 1996 0.105 0.106 0.099 0.103 2 4 
0.25 0.299 0.327 0.329 0.318 1810 0.096 0.097 0.105 0.099 1 3 
0.50 0.541 0.522 0.514 0.526 4181 0.140 0.134 0.144 0.139 4 8 
0.50 0.539 0.564 0.544 0.549 4487 0.152 0.141 0.155 0.149 4 10 
0.50 0.539 0.528 0.532 0.533 4276 0.171 0.187 0.160 0.173 6 13 
0.50 0.510 0.515 0.506 0.510 3984 0.153 0.165 0.174 0.164 5 12 
0.75 0.677 0.692 0.721 0.697 6591 0.231 0.238 0.234 0.234 11 23 
0.75 0.697 0.713 0.684 0.698 6612 0.209 0.219 0.219 0.216 9 20 
0.75 0.699 0.746 0.725 0.723 7001 0.210 0.226 0.224 0.220 9 21 
0.75 0.725 0.662 0.713 0.700 6642 0.185 0.196 0.197 0.193 7 16 
1.00 0.829 0.895 0.840 0.855 9138 0.281 0.286 0.288 0.285 15 33 
1.00 0.905 0.850 0.865 0.873 9457 0.279 0.280 0.289 0.283 15 33 
1.00 0.838 0.920 0.848 0.869 9377 0.258 0.267 0.278 0.268 13 30 
1.00 0.874 0.887 0.927 0.896 9851 0.254 0.270 0.262 0.262 13 29 
1.50 1.184 1.151 1.164 1.166 14033 0.367 0.393 0.398 0.386 25 56 
1.50 1.178 1.202 1.176 1.185 14408 0.358 0.390 0.398 0.382 25 55 
1.50 1.216 1.202 1.233 1.217 15040 0.385 0.364 0.358 0.369 23 52 
1.50 1.205 1.216 1.251 1.224 15181 0.329 0.359 0.363 0.350 21 47 
2.00 1.443 1.470 1.573 1.495 21019 0.466 0.514 0.518 0.499 35 77 
2.00 1.510 1.503 1.549 1.521 22723 0.434 0.494 0.503 0.477 32 71 
2.00 1.538 1.553 1.557 1.549 22263 0.398 0.446 0.452 0.432 27 60 
2.00 1.450 1.551 1.639 1.547 22201 0.412 0.426 0.462 0.433 27 60 
2.00 1.484 1.497 1.529 1.503 22317 0.405 0.444 0.455 0.435 27 61 
2.00 1.489 1.528 1.524 1.514 22559 0.398 0.556 0.450 0.468 31 69 
Table A.26: Raw data for BSA adsorptIOn onto CA membranes 
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A.S.2 Casein 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Cone Adsorbed 
750nm <Ilglml) <Ilglml) <llglem2) 
Absorption @ 750nm 
0.00 0.088 0.078 0.080 0.082 0 0.089 0.090 0.097 0.092 0 0 
0.00 0.086 0.083 0.088 0.086 17 0.110 0.085 0.088 0.094 0 0 
0.10 0.196 0.199 0.212 0.202 832 0.100 0.100 0.100 0.100 2 4 
0.10 0.204 0.200 0.200 0.201 823 0.098 0.096 0.098 0.097 I 3 
0.10 0.202 0.195 0.201 0.199 806 0.111 0.096 0.094 0.100 2 4 
0.10 0.206 0.196 0.200 0.201 817 0.092 0.091 0.106 0.096 I 3 
0.25 0.358 0.366 0.362 0.362 2660 0.153 0.156 0.161 0.157 6 13 
0.25 0.376 0.371 0.362 0.370 2766 0.155 0.161 0.155 0.157 6 13 
0.25 0.363 0.377 0.375 0.372 2794 0.159 0.171 0.181 0.170 7 . 16 
0.25 0.370 0.383 0.365 0.373 2808 0.143 0.149 0.150 0.147 5 11 
0.50 0.592 0.596 0.603 0.597 6621 0.242 0.258 0.235 0.245 14 32 
0.50 0.616 0.607 0.601 0.608 6840 0.247 0.253 0.249 0.250 15 33 
0.50 0.620 0.602 0.592 0.605 6773 0.232 0.248 0.249 0.243 14 32 
0.50 0.594 0.610 0.610 0.605 6773 0.253 0.252 0.250 0.252 15 34 
0.75 0.713 0.724 0.732 0.723 9306 0.309 0.283 0.317 0.303 21 47 
0.75 0.698 0.738 0.783 0.740 9689 0.318 0.311 0.319 0.316 23 50 
0.75 0.590 0.726 0.731 0.682 8399 0.310 0.316 0.342 0.323 23 52 
0.75 0.659 0.857 0.810 0.775 10530 0.308 0.308 0.286 0.301 21 46 
1.00 0.886 0.852 0.917 0.885 11936 0.374 0.359 0.344 0.359 28 62 
1.00 0.828 0.926 0.865 0.873 11685 0.378 0.409 0.364 0.384 31 69 
1.00 0.825 0.892 0.997 0.905 12351 0.381 0.382 0.361 0.375 30 67 
1.00 0.944 0.893 0.907 0.915 12564 0.351 0.358 0.345 0.351 27 60 
1.50 1.021 1.088 1.319 1.143 17739 0.465 0.496 0.504 0.488 46 103 
1.50 1.276 1.167 1.005 1.149 17899 0.483 0.465 0.449 0.466 43 95 
1.50 0.970 1.131 1.285 1.129 17404 0.446 0.479 0.507 0.477 45 99 
1.50 1.086 1.271 1.099 1.152 17963 0.436 0.460 0.474 0.457 42 . 92 
2.00 1.141 1.165 1.470 1.259 20597 0.589 0.635 0.643 0.622 68 152 
2.00 1.583 1.380 1.481 1.481 26476 0.543 0.583 0.581 0.569 59 132 
2.00 1.468 1.301 1.368 1.379 23711 0.542 0.600 0.610 0.584 62 137 
2.00 1.192 1.224 1.456 1.291 21410 0.592 0.651 0.660 0.634 70 156 
2.00 1.471 1.091 1.273 1.278 21095 0.593 0.597 0.599 0.596 64 142 
Table A.27: Raw data for casem adsorption onto CA membranes 
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A.2.S 4 Lysozyme 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (f1g1m1) 750nm (f1g1m1) (f1g1em2) 
0.00 0.077 0.073 0.074 0.075 0 0.099 0.094 0.083 0.092 0 0 
0.00 0.068 0.068 0.079 0.072 ·13 0.079 0.082 0.085 0.082 -10 0 
0.10 0.193 0.198 0.179 0.190 655 0.107 0.100 0.105 0.104 17 2 
0.10 0.188 0.190 0.189 0.189 648 0.122 0.102 0.105 0.110 10 1 
0.10 0.183 0.190 0.183 0.185 624 0.130 0.116 0.106 0.117 17 2 
0.10 0.188 0.176 0.195 0.186 631 0.103 0.112 0.106 0.107 7 1 
0.25 0.323 0.319 0.326 0.323 1668 0.136 0.138 0.130 0.135 34 4 
0.25 0.343 0.320 0.327 0.330 1731 0.159 0.128 0.121 0.136 36 4 
0.25 0.325 0.327 0.327 0.326 1699 0.143 0.144 0.140 0.142 42 5 
0.25 0.327 0.323 0.309 0.320 1643 0.138 0.151 0.128 0.139 39 4 
0.50 0.497 0.514 0.527 0.513 3468 0.217 0.220 0.202 0.213 127 14 
0.50 0.539 0.478 0.490 0.502 3361 0.214 0.226 0.194 0.211 124 14 
0.50 0.483 0.503 0.514 0.500 3337 0.218 0.225 0.214 0.219 134 15 
0.50 0.506 0.523 0.521 0.517 3510 0.232 0.234 0.231 0.232 152 17 
0.75 0.629 0.714 0.680 0.674 5259 0.288 0.289 0.280 0.286 230 26 
0.75 0.701 0.715 0.695 0.704 5606 0.272 0.293 0.289 0.285 228 25 
0.75 0.622 0.601 0.717 0.647 4937 0.295 0.293 0.206 0.265 198 22 
0.75 0.681 0.668 0.661 0.670 5208 0.292 0.285 0.290 0.289 235 26 
1.00 0.732 0.754 0.794 0.760 6290 0.342 0.348 0.351 0.347 328 36 
1.00 0.720 0.679 0.733 0.711 5689 0.370 0.366 0.379 0.372 370 41 
1.00 0.726 0.727 0.758 0.737 6008 0.342 0.359 0.346 0.349 331 37 
1.00 0.734 0.747 0.728 0.736 6000 0.349 0.370 0.377 0.365 359 40 
1.50 0.972 1.002 0.994 0.989 9302 0.487 0.508 0.494 0.496 605 67 
1.50 1.030 1.017 1.065 1.037 9975 0.485 0.515 0.528 0.509 631 70 
1.50 0.933 0.986 0.910 0.943 8666 0.481 0.518 0.519 0.506 625 69 
1.50 0.926 0.959 1.061 0.982 9201 0.504 0.537 0.537 0.526 666 74 
2.00 1.197 1.195 1.234 1.209 12518 0.625 0.676 0.675 0.659 959 107 
2.00 1.216 1.250 1.292 1.253 13227 0.626 0.673 0.650 938 104 
2.00 1.300 1.261 1.313 1.291 13861 0.669 0.708 0.713 0.697 1050 117 
2.00 1.114 1.294 1.321 1.243 13070 0.757 0.730 0.755 0.747 1174 130 
2.00 1.306 1.195 1.222 1.241 13037 0.636 0.787 0.679 0.701 1059 118 
2.00 1.205 1.189 1.164 1.186 12157 0.541 0.609 0.605 0.585 792 88 
2.00 1.380 1.284 1.202 1.289 13817 0.696 0.720 0.725 0.714 1091 121 
2.00 1.254 1.286 1.259 1.266 13450 0.690 0.618 0.718 0.675 999 111 
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Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Absorption @ Cone Adsorbed 
750nm (flg/ml) 750nm (flg/ml) (J.1g/em') 
2.00 1.567 1.584 1.536 1.562 18572 1.126 1.151 1.157 1.145 2290 254 
2.00 1.544 1.523 1.589 1.552 18384 1.038 1.053 1.057 1.049 2001 222 
2.00 1.531 1.601 1.511 1.548 18305 1.114 1.045 1.087 1.082 2099 233 
2.00 1.536 1.524 1.577 1.546 18269 1.170 1.156 1.118 1.148 2301 256 
2.00 1.869 1.847 1.863 1.860 24247 1.345 1.351 1.310 1.335 2907 323 
2.00 1.822 1.854 1.895 1.857 24194 1.264 1.240 1.202 1.235 2578 286 
2.00 1.911 1.816 1.819 1.849 24028 1.357 1.382 1.338 1.359 2987 332 
2.00 1.871 1.834 1.865 1.857 24187 1.369 1.279 1.421 1.356 2978 331 
Table A.28: Raw data for lysozyme adsorption onto CA membranes 
2.5.4 Ovalbumin 
Protein Mean Protein Mean Protein Protein 
Cone % Absorption @ Cone Cone Adsorbed 
750nm (flg/ml) Absorption @ (J.1g/ml) (J.1g/em') 
750nm 
0.00 0.071 0.067 0.064 0.067 0 0.072 0.093 0.072 0.079 0 0 
0.00 0.069 0.068 0.069 0.069 2 0.067 0.062 0.068 0.066 0 -1 
0.10 0.183 0.174 0.190 0.182 501 0.132 0.142 0.147 0.140 2 6 
0.10 0.202 0.179 0.184 0.188 535 0.139 0.137 0.155 0.144 3 6 
0.10 0.190 0.195 0.196 0.194 565 0.154 0.144 0.144 0.147 3 6 
0.10 0.181 0.175 0.189 0.182 498 0.139 0.138 0.142 0.140 2 5 
0.25 0.312 0.320 0.345 0.326 1469 0.188 0.199 0.205 0.197 5 12 
0.25 0.317 0.279 0.365 0.320 1427 0.193 0.190 0.193 0.192 5 12 
0.25 0.307 0.370 0.319 0.332 1519 0.185 0.180 0.178 0.181 5 10 
0.25 0.319 0.317 0.333 0.323 1448 0.177 0.188 0.195 0.187 5 11 
0.50 0.521 0.550 0.552 0.541 3482 0.259 0.269 0.274 0.267 10 22 
0.50 0.538 0.555 0.641 0.578 3887 0.263 0.268 0.269 0.267 10 22 
0.50 0.492 0.542 0.647 0.560 3691 0.261 0.285 0.285 0.277 11 24 
0.50 0.684 0.677 0.558 0.640 4597 0.253 0.271 0.273 0.266 10 22 
0.75 0.622 0.450 0.468 0.513 3190 0.316 0.327 0.335 0.326 16 35 
0.75 0.777 1.041 0.837 0.885 7835 0.313 0.332 0.337 0.327 16 35 
0.75 0.746 0.727 0.650 0.708 5431 0.335 0.320 0.343 0.333 16 36 
0.75 0.618 0.721 0.678 0.672 4991 0.355 0.358 0.334 0.349 18 40 
1.00 0.726 0.705 0.630 0.687 5172 0.390 0.381 0.355 0.375 20 45 
1.00 1.051 0.883 0.821 0.918 8323 0.413 0.398 0.373 0.395 22 49 
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Protein Mean Protein Mean Protein Protein 
Conc % Absorption @ Cone Cone Adsorbed 
750nm (!lg/m1) Absorption @ (!lg/m1) (!lg/em
2) 
750nm 
1.00 0.877 0.758 0.831 0.822 6944 D.416 0.412 0.385 0.404 23 51 
1.00 0.938 0.857 0.777 0.857 7439 0.401 0.385 0.374 0.387 21 47 
1.50 1.152 1.095 1.108 1.118 12728 0.577 0.556 0.538 0.557 40 89 
1.50 1.197 1.162 1.109 1.156 13438 0.530 0.539 0.507 0.525 36 80 
1.50 1.042 1.155 1.056 1.084 12100 0.486 0.527 0.534 0.516 35 78 
1.50 1.079 1.182 1.074 1.112 12604 0.469 0.513 0.521 0.501 33 74 
2.00 1.396 1.326 1.236 1.319 16683 0.571 0.630 0.613 0.605 46 102 
2.00 1.358 1.321 1.431 1.370 17743 0.513 0.576 0.577 0.555 40 88 
2.00 1.368 1.398 1.421 1.396 18290 0.513 0.572 0.575 0.553 39 88 
2.00 1.324 1.444 1.411 1.393 18233 0.521 0.574 0.574 0.556 40 88 
2.00 1.236 1.462 1.585 1.428 18980 0.585 0.647 0.658 0.630 49 109 
2.00 1.399 1.193 1.621 1.404 18476 0.618 0.595 0.542 0.585 43 96 
2.00 1.516 1.406 1.298 1.407 18526 0.611 0.611 0.546 0.589 44 97 
2.00 1.346 1.519 1.212 1.359 17511 0.603 0.595 0.584 0.594 44 99 
Table A.29: Raw data for ovalbumm adsorptIOn onto CA membranes 
A.2.S.S Pepsin 
Protein Mean Protein Mean Protein Protein 
Cone Absorption @ Cone Absorption @ Cone Adsorbed 
% 750nm (!lg/m1) 750nm (!lg/m1) (!lg/em2) 
0.00 0.140 0.131 0.136 0.136 0 0.151 0.154 0.147 0.151 0 0 
0.00 0.129 0.141 0.133 0.134 0 0.142 0.146 0.139 0.142 0 0 
0.10 0.352 0.342 0.337 0.344 1273 0.228 0.236 0.235 0.233 4 9 
0.10 0.341 0.337 0.334 0.337 1292 0.250 0.240 0.239 0.243 5 11 
0.10 0.356 0.347 0.344 0.349 1379 0.237 0.259 0.240 0.245 5 11 
0.10 0.331 0.347 0.343 0.340 1314 0.242 0.252 0.240 0.245 5 11 
0.25 0.577 0.544 0.522 0.548 3104 0.370 0.366 0.361 0.366 14 31 
0.25 0.680 0.502 0.559 0.580 3427 0.367 0.368 0.361 0.365 14 31 
0.25 0.531 0.593 0.583 0.569 3314 0.347 0.358 0.372 0.359 13 30 
0.25 0.581 0.568 0.603 0.584 3464 0.359 0.363 0.346 0.356 13 29 
0.50 0.848 0.958 0.847 0.884 6913 0.505 0.487 0.508 0.500 27 60 
0.50 0.865 0.854 0.876 0.865 6667 0.508 0.507 0.502 0.506 27 61 
0.50 0.875 0.876 0.882 0.878 6828 0.466 0.488 0.481 0.478 25 55 
0.50 0.867 0.872 0.882 0.874 6777 0.468 0.495 0.406 0.456 22 50 
0.75 1.005 1.113 1.019 1.046 9078 0.625 0.626 0.614 0.622 38 84 
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Protein Mean Protein Mean Protein Protein 
Cone Absorption @ Cone Absorption @ Cone Adsorbed 
% 750nm (Ilglml) 750nm (Ilglml) (Ilglem') 
0.75 1.234 1.128 1.115 1.159 10719 0.667 0.637 0.659 0.654 41 92 
0.75 1.063 1.143 1.239 1.148 10560 0.638 0.630 0.630 0.633 39 87 
0.75 1.201 1.202 1.132 1.178 11008 0.603 0.606 0.592 0.600 36 79 
1.00 1.313 1.435 1.254 1.334 13434 0.728 0.712 0.706 0.715 48 107 
1.00 1.389 1.434 1.350 1.391 14364 0.717 0.726 0.728 0.724 49 109 
1.00 1.315 1.378 1.310 1.334 13439 0.705 0.719 0.731 0.718 48 108 
1.00 1.302 1.276 1.339 1.306 12980 0.732 0.750 0.744 0.742 51 114 
1.50 1.860 1.699 1.509 1.689 19581 0.825 0.824 0.813 0.821 61 134 
1.50 1.868 1.456 1.649 1.658 19000 0.935 0.929 0.936 0.933 75 166 
1.50 1.548 1.470 1.625 1.548 17032 0.821 0.857 0.863 0.847 64 142 
1.50 1.585 1.438 1.526 1.516 16486 0.809 0.823 0.856 0.829 62 137 
2.00 1.820 1.950 2.173 1.981 25214 1.045 1.041 0.975 1.020 87 192 
2.00 1.950 1.780 2.033 1.921 24014 1.041 1.039 0.996 1.025 87 194 
2.00 1.884 1.799 2.039 1.907 23744 1.096 1.079 1.019 1.065 93 206 
2.00 1.780 1.790 1.768 1.779 21265 0.991 1.065 1.060 1.039 89 198 
2.00 1.632 1.658 1.827 1.706 19883 1.018 1.064 1.086 1.056 92 204 
2.00 1.852 1.623 1.864 1.780 21271 0.941 0.996 1.021 0.986 82 182 
2.00 1.900 1.715 1.713 1.776 21202 0.934 0.999 1.011 0.981 81 181 
2.00 1.813 1.715 1.927 1.818 22010 1.003 1.054 1.067 1.041 90 199 
2.00 1.721 1.856 1.875 1.817 21991 1.073 1.092 1.106 1.090 96 214 
2.00 1.694 1.726 1.950 1.790 21468 1.113 1.095 1.001 1.070 94 208 
Table A.30: Raw data for pepsin adsorption onto CA membranes 
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Appendix A.3: Double reciprocal plots of isotherms for protein adsorption onto 
FP membranes 
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Graph A.I: Double reciprocal plot for BSA adsorption onto FP membranes 
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Graph A.2: Double reciprocal plot for casein adsorption onto FP membranes 
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Graph A.4: Double reciprocal plot for ovalbumin adsorption onto FP membranes 
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Graph A.5: Double reciprocal plot for pepsin adsorption onto FP membranes 
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Appendix A.4: Adsorption isotherms in terms of moles of protein adsorption 
onto UF membranes 
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Graph A. 6: Isotherms of protein adsorption onto FP membranes 
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Graph A. 7: Isotherms for casein adsorption onto PS membranes 
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Appendix B.1 Example calculation for thiol determination in proteins using 
EIImans reagent 
Using equation 9, section 5.2: 
IlM SH / g protein = 73.53 84J2 D 
C 
To calculate the value of c: the concentration of protein in test solution 
Stock solution concentration = 1 g dissolved in 50 rnl 
=20mg/rnl 
To calculate D: the dilution factor 
D = Total test solution volume 
Protein sample volume 
For example, 2.5 rnl of 8 M urea, 0.1 rnl of protein sample and 0.02 rnl of EIlmans 
reagent. Thus 
D = (2.5 + 0.1 + 0.02) 
0.1 
D=26.2 
Thus if the absorbance measurement of a test solution was 0.024, the corresponding 
SH content ofBSA for example, would be:-
IlM SH /g BSA = 73.53 x 0.024 x 26.2/20 
= 2.31lM SH /g BSA 
This is converted to a molar basis. 
The molecular mass of BSA is approximately 68 000 
Thus the tbiol content is: 
2.31lM SH /g BSA = 2.3 x 68 000 
106 
= 0.15 mole SH / mole BSA 
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B.2 SH determination in protein solutions using Ellmans Reagent 
B.2.1 BSA (with urea) 
D = 31; C=18.76 mg/ml 
Absorbance J.lmol SH Ig BSA mol SH I mol BSA 
@412nm 
0.044 5.39 0.37 
0.049 6.00 0.41 
0.055 6.68 0.45 
0.060 7.35 0.50 
0.062 7.54 0.51 
0.054 6.56 0.45 
0.048 5.82 0.40 
0.071 8.64 0.59 
0.071 8.70 0.59 
0.065 7.97 0.54 
0.063 7.72 0.53 
0.057 6.99 0.48 
0.062 7.60 0.52 
0.058 7.11 0.48 
0.066 8.09 0.55 
0.053 6.50 0.44 
0.063 7.72 0.53 
0.046 5.54 0.38 
0.041 4.93 0.34 
0.041 4.97 0.34 
0.041 4.93 0.34 
0.037 4.45 0.30 
0.042 5.15 0.35 
0.037 4.50 0.31 
0.049 5.92 0.40 
0.045 5.48 0.37 
0.052 6.36 0.43 
0.041 5.04 0.34 
0.044 5.35 0.36 
0.053 6.49 0.44 
0.054 6.58 0.45 
0.045 5.53 0.38 
0.052 6.27 0.43 
Mean 0.438 
Standard Deviation 0.078 
Table B.l: Raw data for SH determination in BSA using Ellmans reagent & urea 
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B.2.2 SH determination in BSA using SDS 
C = 18 mg/ml; D = 30.2 
Absorbance Ilmol SH Ig BSA mol SH I mol BSA 
@412nm 
0.026 2.89 0.19 3.78 0.25 0.034 3.44 0.23 0.031 3.66 0.25 0.033 3.55 0.24 0.032 2.66 0.18 0.024 3.22 0.22 0.029 3.33 0.22 0.030 3.56 0.24 0.166 3.89 0.26 0.181 3.74 0.25 0.174 3.89 0.26 0.181 3.95 0.26 0.184 
0.186 3.99 0.27 
0.196 4.21 0.28 
0.198 4.25 0.28 
0.211 4.53 0.30 
0.165 3.54 0.24 
0.165 3.54 0.24 
0.172 3.69 0.25 
0.174 3.74 0.25 
0.178 3.82 0.26 
0.147 3.16 0.21 
0.217 4.66 0.31 
Mean .·0.25 
Standard Deviation 0.03 
Table R.2: SH determination in BSA using Ell mans reagent using SDS 
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B.2.3 SH determination in BSA using Ellmans reagent and no urea 
C = 18 mglml; D = 30.2 
Absorbance Ilmol SH /g BSA mol SH / mol BSA 
@412nm 
0.091 4.15 0.28 
0.093 4.24 0.28 
0.098 4.47 0.30 
0.009 1.03 0.07 
0.026 2.97 0.20 
0.022 2.51 0.17 
0.024 2.74 0.19 
0.021 2.40 0.16 
0.016 1.82 0.12 
0.011 1.25 0.09 
0.026 2.97 0.20 
0.037 4.22 0.29 
0.024 2.74 0.19 
0.010 1.14 0.08 
0.020 2.28 0.16 
Mean 0.20 
Standard Deviation . 0.08 
Table B.3: SH determInatIOn In BSA USIng ElImans reagent and no urea 
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B.2.4 SH determination in casein using ElImans reagent and urea 
Absorbance l1mol SH Ig casein mol SH I mol casein 
@412nm 
0.0365 0.96 0.018 
0.0095 0.25 0.005 
0.0175 0.46 0.009 
0.0065 0.17 0.003 
0.0175 0.46 0.009 
0.0075 0.19 0.004 
0.0135 0.35 0.007 
0.0105 0.27 0.005 
0.0235 0.62 0.012 
0.0145 0.16 0.003 
0.0235 0.26 0.005 
0.0405 0.45 0.009 
0.0625 0.70 0.013 
0.0175 0.19 0.004 
0.0555 0.62 0.012 
0.0365 0.40 0.008 
Mean 0.010 .. 
Standard Deviation 0.005 
Table B.4: Raw data for SH determination in casein using Ellmans reagent & urea 
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B.2.S SH determination in casein using EIImans reagent and no urea 
Absorbance IImol SH Ig casein mol SH I mol casein 
@412nm 
-0.028 -0.24 -0.005 
-0.022 -0.19 -0.004 
-0.011 -0.09 -0.002 
-0.011 -0.09 -0.002 
0.006 0.05 0.001 
-0.019 -0.16 -0.004 
0.006 0.05 0.001 
-0.011 -0.09 -0.002 
0.007 0.06 0.001 
-0.003 -0.02 0.000 
0.019 0.84 0.019 
0.014 0.62 0.014 
0.009 0.39 0.009 
0.005 0.21 0.005 
0.002 0.Q1 0.002 
Mean 0.002 .. 
Standard Deviation 0.007 
Table B.5: Raw data for SH determination in casein using ElImans reagent & no urea 
B.2.6 Lysozyme 
D = 6.04; C = 16.8 mg/ml 
Absorbance IImol SH Ig lysozyme mol SH I mol lysozyme . 
@412nm 
0.018 0.45 0.006 
0.026 0.64 0.009 
0.038 0.94 0.014 
0.013 0.32 0.005 
0.022 0.55 0.008 
0.034 0.84 0.012 
0.007 0.35 0.005 
0.000 0.00 0.000 
0.003 0.15 0.002 
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0.005 0.25 0.004 
0.002 0.10 0.001 
0.022 1.09 0.016 
0.012 0.59 0.009 
0.009 0.45 0.006 
. Mean 0.006 
Standard Deviation 0.005 
Table B.6: Raw data for SH determination in lysozyme using Ellmans reagent & urea 
B.2.7 Ovalbumin 
D = 31; C = 17.4 mg/mt 
Absorbance Ilmol SH /g pepsin mol SH / mol pepsin 
@412nm . 
0.320 40.37 1.74 
0.347 43.78 1.88 
0.359 45.30 1.95 
0.317 40.00 1.72 
0.362 45.67 1.96 
0.309 38.99 1.68 
0.389 49.08 2.11 
0.336 42.39 1.82 
0.317 40.00 1.72 
0.306 38.61 1.66 
0.352 44.41 1.91 
0.356 44.92 1.93 
0.348 43.91 1.89 
0.350 44.16 1.90 
0.337 42.52 1.83 
0.360 45.42 1.95 
0.351 44.29 1.90 
0.344 43.40 1.87 
0.352 44.41 1.91 
0.342 43.15 1.86 
0.343 43.28 1.86 
0.354 44.66 1.92 
0.355 44.79 1.93 
0.351 44.29 1.90 
0.351 44.29 1.90 
0.344 43.40 1.87 
0.360 45.42 1.95 
0.354 44.66 1.92 
0.351 44.29 1.90 
0.343 43.28 1.86 
0.352 44.41 1.91 
0.361 45.55 1.96 
0.388 50.79 2.18 
0.341 44.72 1.92 
0.380 49.77 2.14 
0.389 51.00 2.19 
Mean 1.91 
.. 
. Standard Deviation 0.21 .. 
Table B.7: Raw data for SH determination in ovalbumin using EIlmans reagent & urea 
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B.2.8 SH determination in ovalbumin using Ellmans reagent and no urea 
Absorbance Ilmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.072 3.90 0.18 
0.051 2.77 0.12 
0.054 2.93 0.13 
0.065 3.52 0.16 
0.070 3.79 0.17 
0.131 6.68 0.30 
0.110 5.61 0.25 
0.090 4.60 0.21 
0.116 5.92 0.27 
0.113 5.77 0.26 
0.081 4.47 0.20 
0.046 2.53 0.11 
0.055 3.03 0.14 
0.104 5.75 0.26 
0.046 2.53 0.11 
0.077 4.25 0.19 
0.092 5.08 0.23 
0.054 2.97 0.13 
0.107 5.94 0.27 
0.101 5.61 0.25 
0.108 6.00 0.27 
0.126 6.99 0.31 
0.107 5.94 0.27 
0.072 3.90 0.18 
0.051 2.77 0.12 
0.054 2.93 0.13 
0.065 3.52 0.16 
0.070 3.79 0.17 
0.131 6.68 0.30 
0.110 5.61 0.25 
0.090 4.60 0.21 
0.116 5.92 0.27 
0.113 5.77 0.26 
0.081 4.47 0.20 
0.046 2.53 0.11 
Mean 0.21 
... Standard Deviation .. 0.06 
Table B.7: SH detenmnatlOn In ovalbumIn solutions USIng Ellmans reagent and no urea 
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B.2.9 SH determination in Pepsin using Ellmans reagent using urea 
D = 5.04; C = 12.1 mglm1 
Absorbance !lmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.241 7.60 
0.224 7.07 
0.206 6.50 
0.244 7.70 
0.264 8.33 
0.257 8.11 
0.262 8.26 
0.213 6.50 
0.182 5.55 
0.205 6.26 
0.210 6.41 
0.187 5.71 
0.183 5.58 
0.209 6.38 
0.181 5.52 
0.192 5.86 
Mean 
Standard Deviation 
Table B.B: Raw data for SH determination in pepsin using Ellmans reagent & urea 
B.2.10 SH determination in Pepsin using Ellmans reagent and no urea 
D = 5.04; C = 12.1 mglml 
0.27 
0.25 
0.23 
0.28 
0.30 
0.29 
0.30 
0.24 
0.20 
0.23 
0.23 
0.21 
0.20 
0.23 
0.20 
0.21 
0.24 
0.03 
Absorbance !lmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.061 4.76 0.17 
0.039 3.03 0.11 
0.053 4.13 0.15 
0.042 3.27 0.12 
0.052 4.05 0.15 
0.061 4.83 0.17 
0.053 4.20 0.15 
0.053 4.20 0.15 
0.058 4.59 0.17 
0.061 4.76 0.17 
0.039 3.03 0.11 
0.053 4.13 0.15 
0.042 3.27 0.12 
0.052 4.05 0.15 
0.061 4.83 0.17 
0.053 4.20 0.15 
••• 
Mean 0.15 
Standard Deviation .. 0.02 
Table B.9: Raw data for SH determination in pepsin using Ellmans reagent & no urea 
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B.2.11 L-cysteine 
D = 31; C = 0.12 mglmJ 
Absorbance @ 412 nm !tmol SH Ig L-cys mol SH I mol L-cys 
0.421 7997 0.97 
0.428 8130 0.99 
0.424 8054 0.98 
0.434 8244 1.00 
0.398 7560 0.92 
0.407 7731 0.94 
0.434 8244 1.00 
0.412 7826 0.95 
0.404 7674 0.93 
0.443 8415 1.02 
0.447 8272 1.00 
0.403 7458 0.90 
0.486 8993 1.09 
0.462 8549 1.04 
0.455 8420 1.02 
0.412 7624 0.92 
0.438 8105 0.98 
0.411 7606 0.92 
0.448 8290 1.00 
0.464 8586 1.04 
0.406 7513 0.91 
0.419 7754 0.94 
0.407 7532 0.91 
0.446 8253 1.00 
0.419 7754 0.94 
0.434 8031 0.97 
0.401 7421 0.90 
0.412 7624 0.92 
0.411 7606 0.92 
0.436 8068 0.98 
0.423 7828 0.95 
0.433 8013 0.97 
0.412 7624 0.92 
0.413 7643 0.93 
0.446 8253 1.00 
0.39 7217 0.87 
0.454 8401 1.02 
0.424 7846 0.95 
0.432 7994 0.97 
0.43 7957 0.96 
Mean . 0.97 
• 
Standard Deviation 0.04 
Table B.lO: Raw data for SH determination in L-cys using Ellmans reagent 
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Appendix B.3 SH determination in protein adsorbed onto FP membranes using 
ElImans Reagent 
B.2.1 BSA (with urea) 
D = 1; C=0.44 mg/ml 
Absorbance J.lmol SH /g BSA mol SH / mol BSA 
@412nm 
0.025 4.18 0.28 
0.012 1.98 0.13 
0.029 4.85 0.33 
0.011 1.81 0.12 
0.030 6.50 0.44 
0.020 4.05 0.28 
0.040 7.26 0.49 
0.070 6.92 0.47 
0.050 5.20 0.35 
0.060 5.49 0.37 
.. Mean·· . . . 0.33 
. Standard Deviation 0.13 
Table B.11: Raw data for SH determination in BSA adsorbed onto membranes using Ellmans reagent 
& urea 
B.3.2 SH determination in BSA adsorbed onto FP membranes using no urea 
C = 0.39 mg/ml; D = 1 
Absorbance J.lmol SH /g BSA mol SH / mol BSA 
@412nm 
0.040 3.80 0.26 
0.031 2.94 0.20 
0.020 1.89 0.13 
0.016 1.51 0.10 
0.026 2.46 0.17 
0.036 3.46 0.24 
0.042 4.03 0.27 
Mean 0.21 
Standard Deviation 0.07 
Table B.12: SH determination in BSA adsorbed onto FP membranes using Ellmans without urea 
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B.3.3 SH determination in casein adsorbed onto FP membranes using Ellmans 
reagent and urea 
C = 1.43 mglml; D = I 
Absorbance Ilmol SO Ig BSA mol SO I mol BSA 
@412nm 
0.00 -0.36 -0.01 
0.00 -0.15 0.00 
0.01 1.48 0.03 
0.04 1.93 0.04 
0.03 1.41 0.03 
0.04 1.98 0.04 
0.04 1.83 0.04 
0.03 1.52 0.03 
Mean 0.025 
Standard Deviation 0.019 
Table H.13: SO determInatIOn m adsorbed casem usmg Ellmans reagent and urea 
B.3.4 SH determination in casein using Ellmans reagent and no urea 
Absorbance Ilmol SO Ig casein mol SO I mol casein 
@412nm 
0.005 0.28 0.01 
0.036 1.87 0.04 
0.012 0.64 0.01 
0.012 0.64 0.01 
0.019 1.00 0.02 
0.008 0.33 0.01 
0.003 0.12 0.00 
0.006 0.25 0.01 
0.008 0.33 0.01 
0.005 0.28 0.01 
••••• 
Mean O.OlD 
. Standard Deviation· 0.012 
Table H.14: Raw data for SO determination in casein using Ellmans reagent & urea 
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B.3.5 SH determination in adsorbed lysozyme using EIImans reagent and urea 
Absorbance J.1mol SH Ig casein mol SH I mol casein 
@412nm 
om 0.35 om 
0.03 1.44 0.02 
0.03 1.44 0.02 
om 0.68 0.01 
0.01 0.59 0.0\ 
0.01 0.35 0.0\ 
0.00 0.16 0.00 
0.01 0.54 0.01 
Mean 0.011 
.:. . Standard Deviation 0.006 
Table B.15: Raw data for SH determination in lysozyme using Ellmans reagent urea 
B.3.6 Lysozyme 
D = 6.04; C = 1.56 mg/ml 
Absorbance J.lmol SH Ig lysozyme mol SH I mol lysozyme 
@412nm 
0.01 0.35 0.01 
0.03 1.44 0.02 
0.03 1.44 0.Q2 
0.00 -0.06 0.00 
0.00 0.08 0.00 
0.00 -0.11 0.00 
I I Mean I 0.008 I Standard Deviation 0.010 
Table B.16: Raw data for SH determination in lysozyme using Ellmans reagent & no urea 
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B.3.7 Ovalbumin 
D = I; C = 1.43mglml 
Absorbance llmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.40 20.40 0.88 
0.36 18.71 0.80 
0.31 15.68 0.67 
0.24 12.14 0.55 
0.21 10.75 0.48 
0.29 14.65 0.66 
0.22 11.35 0.51 
0.21 10.61 0.48 
0.20 10.46 0.47 
0.19 9.69 0.44 
0.25 13.09 0.59 
0.22 11.63 0.52 
'. 
.' " , Mean 0.59 
.' 
Standard Deviation 0.14 
Table B.17: Raw data for SH determination in ovalbumin using Ellmans reagent & urea 
B.3.S SH determination in adsorbed ovalbumin using Ellmans reagent and no 
urea 
Absorbance llmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.25 16.30 0.73 
0.22 14.48 0.65 
0.25 16.43 0.74 
0.25 13.09 0.59 
0.22 11.63 0.52 
0.25 13.19 0.59 
Mean 0.64 
Standard Deviation ' 0.08 
Table B.18: SH determmatIon m adsorbed ovalbumm usmg Ellmans reagent and no urea 
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B.3.9 SH determination in adsorbed pepsin using ElImans reagent and urea 
Absorbance !lmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.05 3.50 0.13 
0.05 3.09 0.11 
0.04 3.02 0.11 
0.09 3.76 0.14 
0.10 4.26 0.15 
0.11 4.43 0.16 
0.13 5.37 0.19 
0.12 4.91 0.18 
0.12 4.95 0.18 
Mean . 0.15 
I Standard Deviation .. 0.03· . 
Table B.19: SH determmaMn m adsorbed pepsm USIng ElImans reagent and urea 
B.3.10 SH determination in adsorbed pepsin using ElImans reagent and no urea 
Absorbance !lmol SH Ig pepsin mol SH I mol pepsin 
@412nm 
0.04 1.62 0.06 
0.08 3.16 0.11 
0.05 1.91 0.07 
0.06 2.50 0.09 
0.07 2.91 0.10 
.. Mean 0.09 
Standard Deviation 0.Q2 
Table B.20: SH deterrmnatIon In adsorbed pepsm USIng ElImans reagent and no urea 
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Appendix B.4 Data and calibration curve for thiol detennination using 
quantification kit 
Determination of thiol concentration of l-cys working solution using Ellman's 
Reagent 
Sample Actual Corrected absorbance SH concentation.ofL-
Absorbance @412nm cysteine stock solution 
@412nm (mM) 
Control 0.185 0 0 
Control 0.175 0 0 
Sample A 0.609 0.086 0.087 
SampleB 0.583 0.080 0.081 
SampleC 0.593 0.085 0.084 
Mean 0.084 
Standard Deviation 0.003 
Table B21: Detenrunatlon of the SH concentration ofL-cysteme stock solution usmg 
Ellmans reagent 
Working solution concentration = 0.084 mmollL 
Calibration curve 
Vol Thiol Thiol Actual Corrected Abs410 
soln (Ill) concentration(llM) Abs410 
0 0.000 0.356 0.000 
2 0.005 0.442 0.442 
5 0.013 0.642 0.642 
8 0.021 0.751 0.751 
12 0.031 1.031 1.031 
15 0.039 1.285 1.285 
Table B22: Data forcalibration curve to calculate SH concentration 
Pearson correlation coefficient, r = 0.97 
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Appendix B.S Results of thiol determination in protein solutions using 
quantification kit 
TIdol Protein 
Thiol Content of Content Mol 
Corrected Concentration Sample of Sample SHlMol 
Protein Abs410 (J.lM) (J.lmol) (J.lmol) Protein 
Trial Solution 
1 BSA 0.177 0.278 2.86E·04 1.99E·03 0.14 
2 BSA 0.271 0.561 5.78E·04 1.99E·03 0.29 
3 BSA 1.356 1.281 1.32E-03 3.97E-03 0.33 
3 BSA 1.357 1.282 1.32E-03 3.97E-03 0.33 
4 BSA 0.32 0.965 9.93E-04 3.97E-03 0.25 
4 BSA 0.23 0.698 7.19E-04 3.97E-03 0.18 
5 BSA 0.129 1.333 1.37E-03 3.97E-03 0.35 
5 BSA 0.123 1.268 I.3IE-03 3.97E-03 0.33 
Mean 0.28 
4 Casein 0.045 0.152 1.56E-04 3.53E-03 0.04 
4 Casein 0.065 0.211 2.17E-04 3.53E-03 0.06 
5 Casein 0.029 0.244 2.5IE-04 3.53E-03 om 
5 Casein 0.021 0.157 1.62E-04 3.53E-03 0.05 
Mean 0.06 
4 Lys 0.018 0.072 7.40E-05 1.24E-02 0.01 
4 Lys -0.014 ·0.023 -2.34E-05 1.24E-02 0.00 
5 Lys 0.001 -0.061 ·6.28E-05 1.24E-02 -0.01 
5 Lvs 0.001 -0.061 -6.28E-05 1.24E-02 -0.01 
Mean 0.00 
1 Oval 0.305 0.449 4.63E-04 2.67E-03 0.17 
3 Oval 0.687 0.669 6.90E-04 5.33E-03 0.13 
3 Oval 0.756 0.733 7.55E-04 5.33E-03 0.14 
4 Oval 0.153 0.471 4.85E-04 5.33E-03 0.09 
4 Oval 0.226 0.687 7.07E-04 5.33E-03 0.13 
5 Oval 0.048 0.451 4.65E-04 5.33E-03 0.09 
5 Oval 0.041 0.375 3.86E-04 5.33E-03 om 
Mean 0.12 
4 Pepsin 0.065 0.211 2.17E-04 3.33E-03 om 
4 Pepsin 0.073 0.234 2.4IE-04 3.33E-03 om 
5 Pepsin 0.061 0.593 6.1OE-04 3.33E-03 0.18 
5 Pensin 0.055 0.527 5.43E-04 3.33E-03 0.16 
Mean 0.12 
Table B.23: Results ofthiol detenrunatlon ID proteID solutIOns uSIDg quantlfiaction 
Kit 
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Appendix B.6 Thiol determination in proteins adsorbed onto FP membranes 
using kit 
Trial Protein Correct Thiol Thiol Protein Protein MoISH/Mol 
ed Concentration Content Content on Content on Protein 
Abs410 (1lM) of membrane membrane 
Sample 
ICmmol) 
(mg) (mmol) 
2 BSA 0.609 1.27 1.31E-03 285 4.19E-03 0.312 
3 BSA 1.072 1.02 1.05E-03 390 5.74E-03 0.183 
3 BSA 1.254 1.19 l.22E-03 390 5.74E-03 0.213 
4 BSA 0.322 0.97 l.OOE-03 337 4.96E-03 0.20 
4 BSA 0.232 0.70 7.26E-04 337 4.96E-03 0.15 
5 BSA 0.211 2.23 2.29E-03 291 4.28E-03 0.54 
5 BSA 0.214 2.26 2.33E-03 292 4.29E-03 0.54 
Mean 0.30 
4 casein 0.053 0.18 l.81E-04 412 1.87E-02 0.01 
4 casein 0.026 0.10 9.83E-05 412 1.87E-02 0.01 
5 Casein 0.052 0.49 5.09E-04 370 1.68E-02 0.030 
5 Casein 0.061 0.59 6.IOE-04 370 1.68E-02 0.036 
Mean 0.02 
4 Lysozyme 0.03 0.10 9.83E-05 563 3.88E-02 0.00 
4 Lysozyme 0.08 0.25 2.60E-04 563 3.88E-OZ 0.01 
5 Lysozyme 0.012 0.06 6.06E-05 714 1.59E-02 0.004 
5 Lysozyme 0.016 0.10 l.05E-04 714 1.59E-02 0.007 
Mean 0.005 
2 Ovalbumin 1.764 3.70 3.81E-03 426 9.47E-03 0.402 
3 Ovalbumin 2.422 2.25 2.32E-03 478 1.06E-02 0.219 
3 Ovalbumin 2.422 2.25 2.32E-03 478 1.06E-02 0.219 
4 Ovalbumin 1.686 5.00 5.15E-03 447 9.93E-03 0.52 
4 Ovalbumin 1.673 4.96 5.11E:03 447 9.93E-03 0.51 
5 Ovalbumin 0.532 5.72 5.90E-03 351 7.80E-03 0.756 
5 Ovalbumin 0.428 4.59 4.73E-03 351 7.80E-03 0.606 
Mean 0.462 
4 Pepsin 0.284 0.86 8.84E-04 529 1.47E-02 0.06 
4 Pepsin 0.511 1.53 1.57E-03 529 1.47E-02 0.11 
5 pepsin 0.228 2.41 2.48E-03 497 1.10E-02 0.225 
5 pepsin 0.23 2.47 2.54E-03 497 1.l0E-02 0.230 
Mean 0.156 
Table B.24: ThlOl deternunatlOn m protems adsorbed onto membranes usmg kit 
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C.I Data for hydrophobicity determination in protein solutions using l,g.ANS 
C.I.I BSA 
Vol Protein Added BSA Fluorescence Corrected 
(ml) Concentration Emission Fluorescence 
(mg/ml) Emission 
0.1 0.014 114 85 
0.015 114 84 
0.015 100 70 
0.08 0.011 89 60 
0.012 100 70 
0.012 89 59 
0.06 0.008 72 43 
0.009 70 40 
0.009 80 50 
0.03 0.004 53 24 
0.005 54 24 
0.005 59 29 
0 0.000 29 0 
0.000 30 0 
0.000 30 0 
Table C.l: Surface bydrophobicity determination ofBSA using ANS 
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C.1.2 Casein 
Vol Protein Added Concentration Fluorescence Corrected 
(m!) (mg/m!) Emission Fluorescence 
Emission 
0 0 30 0 
0 29 0 
0 27 0 
0.03 0.08 48 18 
0.08 43 14 
0.08 41 14 
0.06 0.18 62 32 
0.18 59 30 
0.18 57 30 
0.08 0.27 78 48 
0.27 75 46 
0.27 81 54 
0.1 0.35 96 66 
0.35 104 75 
0.35 93 66 
Table C.2 : Surface hydrophobicity determination of casein using ANS 
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C.I.3 Lysozyme 
Vol Protein Added Concentration Fluorescence Corrected 
(m!) (mg/m!) Emission Fluorescence 
Emission 
0 0 30 0 
0 31 0 
0 32 0 
0.03 0.2 40 10 
0.2 39 8 
0.2 37 5 
0.06 0.4 53 23 
0.4 51 20 
0.4 48 16 
0.08 0.6 60 30 
0.6 61 30 
0.6 58 26 
0.1 0.8 61 31 
0.8 67 36 
0.8 66 34 
Table C.3 : Surface hydrophobicity determination of lysozyme using ANS 
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C.l.4 Ovalbumin 
Vol Protein Added Concentration Fluorescence Corrected 
(ml) (mg/mJ) Emission Fluorescence 
Emission 
2 0.321 90 60 
2 0.322 67 
2 0.322 73 
1.5 0.241 65 35 
1.5 0.241 63 
1.5 0.241 68 
1 0.161 57 27 
1 0.161 53 
1 0.161 50 
0.5 0.080 46 16 
0.5 0.080 47 
0.5 0.0803 43 
0 0 30 0 
0 0 30 
0 0 29 
Table CA : Surface hydrophobicity determination of ovalbumin using ANS 
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C.1.S Pepsin 
Vol Protein Added Concentration Fluorescence Corrected 
(ml) (mg/ml) Emission Fluorescence 
Emission 
2.5 0.385 39 9 
0.385 38 8 
0.385 37 8 
2 0.308 36 6 
0.308 35 5 
0.308 37 8 
1.5 0.231 34 4 
0.231 35 5 
0.231 35 6 
1 0.155 27 -3 
0.154 27 -3 
0.154 28 -1 
0.5 0.077 27 -3 
0.077 28 -2 
0.077 27 -2 
.. Table C.5: Surface hydrophoblclty determmatlOn of pepsm usmg ANS 
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C.2 Determination of ANS reacted with adsorbed BSA 
C.2.1 BSA calibration 
Stock BSA solution concentration = 0.00093 glmI 
70 
60 
50 
·t 
8 40 
.s 
8 
• 30 8 
~ 
~ 
= 20 r;; 
10 
0 
0 
VolBSA ConcBSA 
(mI) (~wml) FI 
0 0.00 0 
0.05 15.5 8 
0.1 31.0 15 
0.15 46.5 22 
0.2 62.0 29 
0.25 77.5 35 
0.3 93.0 45 
0.35 108.5 57 
0.4 124.0 59 
0.5 155.0 64 
0.6 186.0 66 
0.7 217.0 66 
0.9 279.0 66 
1 310.0 66 
Table C.6: Calibration data 
200 
• 
y =0.1634x 
R' =0.9896 
400 
• 
600 
BSA Mass (~g) 
• 
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• • 
800 1000 
Graph C.l: Calibration chart for reaction ofBSA with ANS 
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C.2.2 Fluorescence intensity of ANS solutions after membrane (with BSA 
adsorbed) and removed from it, and after excess protein added 
Mass Maximum 
of FI after signal·66 - FI 
BSA protein addition for protein FIof2m1 coated 
ofANS+ Conc in tOml of excess membranes 
1 mI of buffer (ll2/ml) 112 protein 
4 24.47 122 60 6 
4 24.47 122 60 6 
7 42.83 214 61 5 
6 36.71 183 62 4 
6 36.71 183 61 5 
5 30.59 152 60 6 
8 48.95 244 63 3 
5 30.59 152 61 5 
6 36.71 183 60 6 
5 30.59 152 63 3 
9 55.07 275 63 3 
Table C.7: PI deterrrunatlOn after removal of membranes 
with adsorbed protein 
C.2.3 Fluorescence intensity of ANS solutions after membrane (no BSA 
adsorbed) and removed from it, and after excess protein added 
Maximum 
FI after signal·66 • FI 
addition for protein 
of excess coated 
_protein membranes 
62 4 
59 7 
60 6 
60 6 
61 5 
59 7 
62 4 
59 7 
60 6 
60 6 
61 5 
Table C.8: PI determination after removal of membranes 
with no adsorbed protein 
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C.2.4 Mass adsorbed to the membranes prior to reaction with ANS 
Sample 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Absorbance 
0.085 0.085 0.085 
0.088 0.087 0.092 
0.803 0.802 0.771 
0.737 0.766 0.742 
0.777 0.782 0.745 
0.763 0.736 0.727 
0.775 0.776 0.743 
0.764 0.767 0.733 
0.8 0.764 0.764 
0.754 0.766 0.72 
0.734 0.737 0.72 
0.807 0.792 0.804 
Maximum Protein Adsorbed 
Minimum protein adsorbed 
Average 
Mean 
0.085 
0.089 
0.792 
0.748 
0.768 
0.742 
0.764 
0.754 
0.776 
0.746 
0.730 
0.801 
1632 flg 
1406 flg 
1508 flg 
Mass 
Adsorbed 
(Ilg) 
0 
0 
1603 
1463 
1525 
1443 
1515 
1483 
1551 
1457 
1406 
1632 
Table C9: Mass of protein adsorbed prior to reaction with ANS 
C.2.S Mass adsorbed to the membranes prior to reaction with ANS 
Sample Absorbance Mean 
1 0.074 0.084 0.075 0.078 
2 0.077 0.076 0.D75 0.076 
3 0.078 0.083 0.083 0.081 
4 0.077 0.078 0.076 0.077 
5 0.092 0.082 0.080 0.085 
6 0.495 0.526 0.502 0.508 
7 0.579 0.575 0.560 0.571 
8 0.602 0.587 0.578 0.589 
9 0.516 0.516 0.495 0.509 
10 0.514 0.509 0.494 0.506 
11 0.521 0.510 0.494 0.508 
Mean 
Table ClO: Mass of protem adsorbed after reactIon WIth ANS 
L. M. Ayre, Ph.D. Thesis 
Mass 
Adsorbed 
(JIg) 
0 
0 
0 
0 
0 
781 
949 
997 
785 
776 
783 
84SIlg 
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Appendix C.3 Examples of output files produced by Naccess 
C.3.1 Atomic accessibility file for HSA 
ATOM 1 N SER A 5 56.653 51.017 34.141 34.586 1.65 
ATOM 2 CA SER A 5 56.672 50.186 32.893 0.273 1.87 
ATOM 3 C SER A 5 55.611 49.138 33.086 1.386 1.76 
ATOM 4 0 SER A 5 55.776 48.267 33.935 4.589 1.4 
ATOM 5 CB SER A 5 58.023 49.508 32.732 0 1.87 
ATOM 6 OG SER A 5 58.239 49.111 31.393 0 1.4 
ATOM 7 N GLU A 6 54.513 49.256 32.336 3.151 1.65 
ATOM 8 CA GLU A 6 53.399 48.316 32.414 0.729 1.87 
ATOM 9 C GLU A 6 53.71 46.993 31.698 0 1.76 
ATOM 10 0 GLU A 6 53.409 45.928 32.221 0 1.4 
ATOM 11 CB GLU A 6 52.126 48.958 31.882 12.138 1.87 
ATOM 12 CG GLU A 6 50.89 48.067 32.001 7.643 1.87 
ATOM 13 CD GLU A 6 50.377 47.881 33.425 7.934 1.76 
ATOM 14 OE1 GLU A 6 51.005 48.412 34.373 21.981 1.4 
ATOM 15 OE2 GLU A 6 49.328 47.199 33.581 7.568 1.4 
ATOM 16 N VAL A 7 54.398 47.06 30.567 0.023 1.65 
ATOM 17 CA VAL A 7 54.785 45.871 29.816 0 1.87 
ATOM 18 C VAL A 7 55.81 45.022 30.581 0 1.76 
ATOM 19 0 VAL A 7 55.941 43.817 30.341 0 1.4 
ATOM 20 CB VAL A 7 55.406 46.243 28.444 0.028 1.87 
ATOM 21 CG1 VAL A 7 56.899 46.602 28.576 0.071 1.87 
ATOM 22 CG2 VAL A 7 55.267 45.105 27.481 0.501 1.87 
ATOM 23 N ALA A 8 56.576 45.684 31.451 0 1.65 
ATOM 24 CA ALA A 8 57.619 45.075 32.258 0 1.87 
ATOM 25 C ALA A 8 56.965 44.373 33.429 0.187 1.76 
ATOM 26 0 ALA A 8 57.379 43.274 33.806 0 1.4 
ATOM 27 CB ALA A 8 58.566 46.146 32.774 0 1.87 
ATOM 28 N HIS A 9 55.959 45.021 34.015 0.174 1.65 
ATOM 29 CA HIS A 9 55.239 44.463 35.142 4.475 1.87 
ATOM 30 C HIS A 9 54.536 43.19 34.684 0 1.76 
ATOM 31 0 HIS A 9 54.652 42.116 35.283 0 1.4 
ATOM 32 CB HIS A 9 54.194 45.478 35.608 10.631 1.87 
ATOM 33 CG HIS A 9 53.229 44.955 36.638 2.639 1.76 
ATOM 34 ND1 HIS A 9 51.86 45.112 36.52 2.732 1.65 
ATOM 35 CD2 HIS A 9 53.429 44.298 37.807 21.928 1.76 
ATOM 36 CE1 HIS A 9 51.258 44.568 37.565 19.315 1.76 
ATOM 37 NE2 HIS A 9 52.188 44.068 38.361 19.294 1.65 
ATOM 38 N ARG A 10 53.79 43.33 33.601 0 1.65 
ATOM 39 CA ARG A 10 53.042 42.223 33.076 0 1.87 
ATOM 40 C ARG A 10 54.003 41.104 32.681 0 1.76 
ATOM 41 0 ARG A 10 53.836 39.978 33.116 0 1.4 
ATOM 42 CB ARG A 10 52.172 42.725 31.933 0 1.87 
ATOM 43 CG ARG A 10 51.162 43.749 32.378 0 1.87 
ATOM 44 CD ARG A 10 50.264 43.241 33.523 0 1.87 
ATOM 45 NE ARG A 10 49.439 44.314 34.08 0 1.65 
ATOM 46 CZ ARG A 10 48.565 44.168 35.063 0 1.76 
ATOM 47 NH1 ARG A 10 48.366 43.005 35.636 3.66 1.65 
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ATOM 48 NH2 ARG A 10 47.857 45.193 35.458 27.175 1.65 
ATOM 49 N PHE A 11 55.025 41.412 31.891 0 1.65 
ATOM 50 CA PHE A 11 56.018 40.399 31.499 0 1.87· 
ATOM 51 C PHE A 11 56.591 39.695 32.748 0 1.76 
ATOM 52 0 PHE A 11 56.812 38.487 32.738 0.643 1.4 
ATOM 53 CB PHE A 11 57.129 41.06 30.692 0 1.87 
ATOM 54 CG PHE A 11 58.15 40.101 30.125 0 1.76 
ATOM 55 CD1 PHE A 11 59.111 39.523 30.931 1.438 1.76 
ATOM 56 CD2 PHE A 11 58.169 39.813 28.772 0 1.76 
ATOM 57 CE1 PHE A 11 60.052 38.697 30.396 18.653 1.76 
ATOM 58 CE2 PHE A 11 59.102 38.987 28.227 0 1.76 
ATOM 59 CZ PHE A 11 60.045 38.427 29.024 1.025 1.76 
ATOM 60 N LYS A 12 56.765 40.418 33.849 0 1.65 
ATOM 61 CA LYS A 12 57.285 39.797 35.064 5.288 1.87 
ATOM 62 C LYS A 12 56.248 38.898 35.7 0.47 1.76 
ATOM 63 0 LYS A 12 56.524 37.754 36.073 21.695 1.4 
ATOM 64 CB LYS A 12 57.71 40.853 36.092 8.99 1.87 
ATOM 65 CG LYS A 12 59.147 41.353 35.924 10.48 1.87 
ATOM 66 CD LYS A 12 59.5 42.337 37.032 24.257 1.87 
ATOM 67 CE LYS A 12 60.896 42.901 36.851 18.343 1.87 
ATOM 68 NZ LYS A 12 61.092 44.154 37.679 34.393 1.5 
ATOM 9180 CB SER B 579 50.823 -2.569 46.906 0.894 1.87 
ATOM 9181 OG SER B 579 51.993 -3.003 46.219 1.55 1.4 
ATOM 9182 N GLN B 580 52.301 -4.258 49_301 0 1.65 
ATOM 9183 CA GLN B 580 52.493 -5.515 50.042 7.031 1.87 
ATOM 9184 C GLN B 580 52.105 -5.31 51.511 0 1.76 
ATOM 9185 0 GLN B 580 51.554 -6.208 52.159 12.667 1.4 
ATOM 9186 CB GLN B 580 53.968 -5.944 49.947 1.387 1.87 
ATOM 9187 CG GLN B 580 54.282 -7.403 50.343 17.592 1.87 
ATOM 9188 CD GLN B 580 54.215 -7.663 51.852 5.459 1.76 
ATOM 9189 OE1 GLN B 580 53.842 -8.755 52.291 25.996 1.4 
ATOM 9190 NE2 GLN B 580 54.586 -6.659 52.648 32.014 1.65 
ATOM 9191 N ALA B 581 52.476 -4.148 52.047 0 1.65 
ATOM 9192 CA ALA B 581 52.166 -3.791 53.429 6.095 1.87 
ATOM 9193 C ALA B 581 50.665 -3.676 53.689 1.144 1.76 
ATOM 9194 0 ALA B 581 50.201 -3.98 54.79 28.59 1.4 
ATOM 9195 CB ALA B 581 52.879 -2.493 53.806 48.724 1.87 
ATOM 9196 N ALA B 582 49.92 -3.199 52.695 0.734 1.65 
ATOM 9197 CA ALA B 582 48.469 -3.08 52.819 12.009 1.87 
ATOM 9198 C ALA B 582 47.848 -4.479 52.984 1.846 1.76 
ATOM 9199 0 ALA B 582 46.874 -4.625 53.757 19.528 1.4 
ATOM 9200 CB ALA B 582 47.907 -2.377 51.591 14.591 1.87 
ATOM 9201 OXT ALA B 582 48.371 -5.426 52.357 9.543 1.4 
C.3.2 Residue accessibility file for HSA 
RES NUM All Non-P Polar Total Main Non P Polar 
Side Side side Side 
ABS ABS ABS ABS ABS ABS ABS 
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SER A 5 40.83 0.27 0 0.27 40.56 1.66 39.18 
GLU A 6 61.14 28.44 29.55 57.99 3.15 28.44 32.7 
VAL A 7 0.62 0.6 0 0.6 0.02 0.6 0.02 
ALA A 8 0.19 0 0 0 0.19 0.19 0 
HIS A 9 81.19 58.99 22.03 81.01 0.17 58.99 22.2 
ARG A 10 30.83 0 30.83 30.83 0 o 30.83 
PHE A 11 21.76 21.12 0 21.12 0.64 21.12 0.64 
LYS A 12 123.92 67.36 34.39 101.75 22.17 67.83 56.09 
ASP A 13 75.67 13.3 32.42 45.72 29.94 13.34 62.33 
LEU A 14 32.4 15.3 0 15.3 17.1 18.11 14.29 
GLY A 15 29.71 29.35 0 29.35 0.36 29.69 0.02 
GLU A 16 70.33 26.1 36.24 62.34 7.99 26.1 44.23 
GLU A 17 146.13 60.1 81.78 141.89 4.24 61.24 84.89 
ASN A 18 45.67 3.27 42.4 45.67 0 3.27 42.4 
PHE A 19 0 0 0 0 0 0 0 
LYS A 20 59.73 23.23 34.64 57.88 1.85 24.44 35.29 
ALA A 21 18.57 18.19 0 18.19 0.37 18.19 0.37 
LEU A 22 1.07 0.39 0 0.39 0.68 0.39 0.68 
VAL A 23 0.18 0.18 0 0.18 0 0.18 0 
LEU A 24 5.12 5.12 0 5.12 0 5.12 0 
ILE A 25 0 0 0 0 0 0 0 
ALA A 26 8.49 7.85 0 7.85 0.64 7.85 0.64 
PHE A 27 0.72 0.72 0 0.72 0 0.72 0 
ALA A 28 0 0 0 0 0 0 0 
GLN A 29 4.66 1.57 3.09 4.66 0 1.57 3.09 
TYR A 30 10.87 9.62 0 9.62 1.25 9.62 1.25 
LEU A 31 2.89 2.76 0 2.76 0.13 2.76 0.13 
GLN A 32 11.07 4.94 3.19 8.14 2.93 4.95 6.12 
GLN A 33 81.55 35.64 31.89 67.53 14.03 35.64 45.92 
CYS A 34 0.55 0.22 0 0.22 0.33 0.53 0.03 
PRO A 35 58.72 58.45 0 58.45 0.27 58.45 0.27 
PHE A 36 14.58 11.64 0 11.64 2.94 11.64 2.94 
GLU A 37 117.15 59.43 50.68 110.1 7.05 60.43 56.73 
ASP A 38 48.05 5.59 42.46 48.05 0 5.59 42.46 
HIS A 39 0.33 0.2 0.13 0.33 0 0.2 0.13 
VAL A 40 30.42 30.42 0 30.42 0 30.42 0 
LYS A 41 97.46 85.84 10.88 96.71 0.74 85.84 11.62 
LEU A 42 0.62 0.62 0 0.62 0 0.62 0 
VAL A 43 5.94 5.94 0 5.94 0 5.94 0 
ASN A 44 70.88 23.94 43.13 67.06 3.81 25.47 45.41 
GLU A 45 59.85 33.03 23.26 56.29 3.56 33.03 26.82 
PHE B 554 4.96 4.67 0 4.67 0.29 4.67 0.29 
VAL B 555 1.71 1.71 0 1.71 0 1.71 0 
GLU B 556 98.81 47.19 49.55 96.74 2.08 48.57 50.24 
LYS B 557 128.68 99.92 26.34 126.26 2.42 99.92 28.76 
CYS B 558 2.32 0.8 0 0.8 1.51 0.8 1.51 
CYS B 559 40.68 15.02 0 15.02 25.66 15.85 24.82 
LYS B 560 135.25 76.5 36.47 112.96 22.29 76.83 58.42 
ALA B 561 48.97 26.34 0 26.34 22.63 28.02 20.95 
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ASP 8 562 135.82 50.69 66.29 116.98 18.85 52.09 83.73 
ASP 8 563 42.74 14.9 10.24 25.14 17.6 14.96 27.78 
LYS 8 564 169.01 108.5 46.47 154.95 14.07 108.48 60.53 
GLU 8 565 98.8 34.71 58.7 93.41 5.39 36.69 62.11 
THR B 566 68.29 59.01 9.28 68.29 0 59.01 9.28 
CYS 8 567 25.54 25.09 0 25.09 0.45 25.09 0.45 
PHE 8 568 2.36 1.81 0 1.81 0.55 1.81 0.55 
ALA 8 569 50.65 45.15 0 45.15 5.5 45.98 4.68 
GLU 8 570 99.59 37.46 59.32 96.78 2.81 37.88 61.71 
GLU 8 571 65.13 9.7 55.43 65.13 0 9.7 55.43 
GLY 8 572 1.6 1.6 0 1.6 0 1.6 0 
LYS 8 573 130.81 85.62 40.55 126.17 4.64 85.78 45.03 
LYS 8 574 148.48 92.32 49.27 141.59 6.9 92.32 56.17 
LEU 8 575 38.7 38.65 0 38.65 0.05 38.65 0.05 
VAL 8 576 18.21 17.21 0 17.21 1.01 17.45 0.76 
ALA 8 577 63.98 55.09 0 55.09 8.89 56.93 7.05 
ALA 8 578 60.75 46.79 0 46.79 13.96 47.64 13.11 
SER 8 579 10.32 3.05 1.55 4.6 5.72 3.93 6.39 
GLN 8 580 102.15 31.47 58.01 89.48 12.67 31.47 70.68 
ALA 8 581 84.55 54.82 0 54.82 29.73 55.96 28.59 
ALA 8 582 58.25 26.6 0 26.6 31.65 28.45 29.8 
Absolute Total Non p- P Side total main non polar 
side side polar 
IN 1A 28089.8 16206 8834 5040.2 3050 6407.2 1683 
IN 28 27923.3 16044 8912 4956.7 2967 6250.7 1673 
L. M. Ayre, Ph.D. Thesis 315 
Chapter 9. Appendices 
Appendix 0.1 Data of FTIR studies of solid proteins 
0.1.1 Raw data for peak maxima determination of amide IIII absorbance bands 
BSA Casein Lysozyme Ovalbumin Pe sin 
1663.5 1538.4 1533.7 1657.6 1534.0 1663.7 1542.1 1655.9 1541.2 
1663.9 1541.7 1534.2 1656.6 1535.6 1665.5 1538.8 1655.9 1541.8 
1661.1 1536.3 1533.8 1660.7 1534.7 1665.5 1539.6 1652.9 1541.0 
1664.5 1537.4 1668.0 153l.O 1660.7 1534.7 1662.6 1542.9 1654.6 1540.3 
1663.8 1542.8 1667.5 1527.3 1660.8 1534.5 1664.1 1543.0 1655.7 1545.4 
1661.4 1539.0 1668.0 1662.5 1534.8 1657.3 1543.0 1655.7 1541.3 
1662.6 1531.6 1659.5 1536.0 1665.6 1541.3 
1658.0 1536.0 1538.2 1665.3 1538.6 
1663.0 1538.5 1667.8 1532.0 1659.9 1534.5 1662.6 1539.8 1657.7 1540.9 
1.30 2.31 0.24 2.61 2.12 1.24 2.88 2.65 4.31 1.98 
0.1.2 Deconvolution data for solid proteins 
BSA 
Area Centre Width Height % Area 
0.39271 1619 12.114 0.025866 5.851867 
0.69955 1631.3 17.093 0.032654 10.42416 
1.5632 1644.8 15.605 0.079927 23.29362 
1.4686 1658.9 14.621 0.08014 21.88396 
1.5945 1674.2 17.987 0.070733 23.76003 
0.57252 1686.8 9.8278 0.046481 8.531259 
0.41977 1693.8 6.9062 0.048496 6.255094 
6.71085 100 
Casein 
Area Centre Width Height % Area 
0.39271 1619 12.114 0.025866 5.851867 
0.69955 1631.3 17.093 0.032654 10.42416 
1.5632 1644.8 15.605 0.079927 23.29362 
1.4686 1658.9 14.621 0.08014 21.88396 
1.5945 1674.2 17.987 0.070733 23.76003 
0.57252 1686.8 9.8278 0.046481 8.531259 
0.41977 1693.8 6.9062 0.048496 6.255094 
6.71085 100 
Lysozyme 
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Area Centre Width Height 0/0 Area 
2.6192 1614.6 21.898 0.095434 16.41679 
0.6216 1624.8 11.137 0.044532 3.896104 
1.5604 1643 15.546 0.080083 9.780374 
2.4512 1656.2 16.006 0.12219 15.36379 
2.4907 1670.6 18.509 0.10737 15.61137 
2.5309 1683.4 17.521 0.11525 15.86334 
1.0888 1638.1 13.384 0.064906 6.82445 
2.5916 1698.1 14.225 0.14536 16.24379 
15.9544 100 
Ovalbumin 
Area Centre Width Height 0/0 Area 
1.3786 1695.9 11.015 0.099865 15.13807 
2.4922 1678.4 19.253 0.10328 27.36624 
0.389 1664.2 10.013 0.030999 4.271515 
1.2522 1657.2 15.095 0.066191 13.7501 
1.735 1642.5 15.893 0.087106 19.05161 
0.32716 1633.8 15.156 0.017223 3.592465 
0.25218 1623.2 8.2839 0.024289 2.769127 
1.2805 1613.9 22.378 0.045658 14.06086 
9.10684 100 
Pepsin 
Area Centre Width Height 0/0 Area 
0.95964 1606.5 15.66 0.048894 5.934738 
1.6802 1619.3 18.011 0.074433 10.39092 
3.2403 1642.9 22.589 0.11445 20.03911 
3.7626 1659 20.174 0.14881 23.26919 
4.2847 1685.4 17.346 0.19709 26.49803 
0.89904 1697.6 11.693 0.061348 5.559967 
1.3434 1671.7 14.262 0.075159 8.308039 
16.16988 100 
Appendix D.2 Data from FTIR studies of protein adsorbed onto FP membranes 
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D.2.! Raw data for peak maxima determination of amide IIII absorbance bands 
BSA Casein Lysozyme Ovalbumin Pepsin 
1652.2 1545.3 1653.4 1545.6 1653.9 1542.3 1649.3 1544.2 1649.2 1544.5 
1654.9 1543.3 1651.6 1542.4 1653.8 1540.6 1649.7 1540.8 1648.3 1542.7 
1652.9 1542.6 
1653.3 1542.8 1651.3 1544.2 1653.1 1540.8 1647.7 1545.6 
1653.4 1542.9 1651.3 1544.2 1650.8 1541.7 1647.7 1545.7 
1652.7 1543.1 1648.6 1545.7 1651.7 1542.2 1648.9 1542.6 1647.0 1546.0 
1648.9 1545.9 1649.9 1544.1 1651.6 1542.0 1648.9 1541.8 1647.0 1544.7 
1653.3 1542.8 1650.2 1537.9 1650.8 1640.8 1647.6 1545.6 
1652.5 1542.5 1652.5 1540.1 1651.6 1541.3 1647.6 1544.3 
1652.9 1542.8 1654.2 1540.1 1651.3 1541.1 1647.9 1544.9 
1650.7 1542.7 1647.0 1542.5 1651.3 1542.5 1647.1 1541.0 1647.1 1541.0 
1650.1 1543.0 1647.4 1543.2 1650.5 1544.5 1647.7 1541.8 1645.9 1546.1 
1652.8 1543.5 1650.5 1542.4 1654.2 1540.4 1650.8 1541.1 1647.5 1546.4 
1652.0 1543.1 1649.4 1544.7 1652.4 1540.5 1651.2 1540.0 1647.9 1544.0 
1652.4 1542.2 1650.2 1541.6 1652.2 1541.8 1651.2 1541.3 1648.1 1544.0 
1652.3 1543.2 1650.1 1543.7 1652.4 1541.2 1649.9 1549.2 1647.6 1544.7 
1.47 1.02 1.89 1.37 1.35 1.60 1.46 27.54 0.75 1.47 
D.2.2 Data for decovoluted amide I absorbance band of proteins adsorbed onto 
FP membranes 
BSA 
Peak Area Centre Width Height % Area 
1 0.21029 1614.2 10.468 0.016028 3.047257 
2 2.5455 1637.3 22.636 0.089725 36.88617 
3 2.9736 1657 17.591 0.13488 43.08966 
4 1.0288 1681.2 16.16 0.050795 14.90807 
5 0.14277 1672.5 5.457 0.020874 2.068843 
100 
Yoffset = 0 6.90096 
Casein 
Peak Area Centre Width Height % Area 
1 2.1194 1621.8 19.735 0.085688 18.81234 
2 1.6144 1634.4 10.469 0.12304 14.32983 
3 0.99481 1643.2 8.6591 0.091665 8.830189 
4 3.1368 1652.9 12.936 0.19348 27.84304 
5 2.3074 1668.9 14.883 0.1237 20.48108 
6 1.0932 1685.1 11.624 0.075037 9.703524 
Yoffset = 0 11.26601 100 
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Lysozyme 
Area Centre Width Height % Area 
0.32686 1612.9 5.7091 0.045681 2.349472 
1.073 1622.3 . 11.58 0.073935 7.712733 
2.4063 1637.3 14.796 0.12977 17.2965 
1.2395 1641.6 9.6718 0.10225 8.909536 
5.7243 1655 12.43 0.36745 41.14631 
1.7274 1671.3 9.4514 0.14582 12.41657 
1.4147 1683.7 11.624 0.097108 10.16888 
13.91206 100 
Ovalbumin 
Area Centre Width Height % Area 
5.1255 1627.6 9.4428 0.43308 8.357302 
11.568 1635.9 10.447 0.88347 18.86202 
5.265 1644.1 9.7545 0.43066 8.584762 
19.668 1654.3 16.29 0.96334 32.06934 
10.774 1664.9 19.192 0.44791 17.56737 
8.9291 1684.7 13.038 0.54645 14.5592 
61.3296 100 
Pepsin 
Area Centre Width Height % Area 
9.6177 1641.8 13.837 0.55458 27.99261 
8.4185 1656.8 13.314 0.50449 24.5023 
5.7929 1677.1 16.062 0.28776 16.86041 
1.3712 1690.5 8.4053 0.13016 3.990919 
6.169 1626.8 13.189 0.37322 17.95506 
1.0699 1613 9.8071 0.087045 3.113976 
1.9188 1668.8 12.286 0.12461 5.584726 
34.358 100 
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Appendix D.3 Data from FfIR studies of proteins adsorbed onto PS membranes 
D.3.1 Raw data for peak maxima determination of amide I absorbance bands 
BSA Casein Lysozyme Ovalbumin Pepsin 
1654.2 1653.9 1659.5 1656.1 1656.8 
1655.6 1653.6 1659.1 1656.8 1655.6 
1654.0 1655.6 1658.4 1654.3 1656.8 
1654.2 1653.0 1657.2 1656.0 1655.5 
Mean 1654.5 1654.0 1658.6 1655.8 1656.2 
StDev 0.74 1.11 1.01 1.06 0.72 
D.3.2 Deconvoluted data for protein adsorption onto PS membranes 
o 
Area 
0.55168 
2.1734 
1.2586 
1.5857 
1.5817 
2.5894 
1.0023 
10.74278 
0.25 
0.2 
§ 0.15 
oB 
~ 0.1 
~ 
0.05 
Centre 
1626.3 
1638.5 
1648.3 
1656.1 
1664.3 
1676.7 
1687.9 
Width Height 0/0 Area 
7.6867 0.057265 5.135356 
13.639 0.12714 20.23126 
8.0481 0.12478 11.71578 
7.9653 0.15884 14.76061 
9.9005 0.12747 14.72338 
15.352 0.13458 24.10363 
10.6 0.075443 9.329987 
100 
o ~~~~~~~~~~~~~ 
1700 1680 1660 1640 1620 1600 
Wave number cm·1 
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Casein 
Area Centre Width Height % Area 
1.1294 1623.9 5.453 0.16525 4.184792 
2.0866 1628.6 7.3549 0.22637 7.731527 
5.7057 1639.7 12.56 0.36247 21.14146 
4.8314 1652.8 13.399 0.28771 17.9019 
5.2303 1662.7 15.313 0.27253 19.37995 
5.38 1676.9 14.857 0.28894 19.93464 
2.6248 1688.1 10.118 0.20698 9.725732 
26.9882 100 
0.5 
0.45 
0.4 
0.35 
" 0.3 u § 
0.25 
-e 
0 0.2 ~ ~ 0.15 
0.1 
0.05 
0 
1700 1680 1660 1640 1620 1600 
Wave number cm .\ 
Lysozyme 
Area Centre Width Height % Area 
1.1946 1626.2 6.7837 0.1405 2.420711 
4.1371 1632 11.701 0.2821 8.383327 
9.0164 1643.9 13.498 0.53298 18.27063 
15.056 1655.4 13.226 0.90832 30.50914 
8.1071 1667.7 12.269 0.52722 16.42805 
8.0553 1680.2 12.261 0.52419 16.32308 
3.0718 1688.2 8.4865 0.2888 6.224627 
0.71084 1694.4 6.2328 0.090998 1.44043 
49.34914 
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1.2 
1 
0.8 
" u § 
0.6 
-B 
0 
~ 
< 0.4 
0.2 
0 
1700 1680 1660 1640 1620 1600 
Wave number cm 
., 
Ovalbumin 
Area Centre Width Height 0/0 Area 
0.48088 1626 4.365 0.087901 2.389504 
1.4131 1629.8 6.3867 0.17654 7.021727 
2.8825 1638 10.624 0.21649 14.32321 
2.8197 1647.3 14.781 0.15221 14.01115 
4.1846 1655.3 12.551 0.26602 20.79337 
3.6175 1667.6 13.345 0.21629 17.97544 
2.901 1680.6 12.185 0.18996 14.41514 
1.8254 1687.9 9.6894 0.15031 9.070455 
20.12468 100 
0.45 
0.4 
0.35 
0.3 
" u 0.25 § 
-B 0.2 0 
~ 
< 0.15 
0.1 
0.05 
0 
1700 1680 1660 1640 1620 1600 
Wave number cm 
., 
Pepsin 
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Area Centre Width Height 0/0 Area 
0.40631 1624.2 5.2007 0.062336 1.693673 
1.2575 1628.5 7.2236 0.1389 5.241796 
4.1348 1638.9 11.419 0.28891 17.23561 
3.9904 1649.7 11.001 0.28942 16.63369 
4.3663 1659.6 10.249 0.33991 18.2006 
3.2713 1669.6 9.3618 0.2788 13.63617 
0.69466 1674.8 8.0701 0.068681 2.895639 
5.8686 1684.6 14.429 0.32452 24.46283 
23.98987 100 
0.5 
0.45 
0.4 
0.35 
" 0.3 
" § 
0.25 of 
0 0.2 ~ ~ 0.15 
0.1 
0.05 
0 
1700 1680 1660 1640 1620 1600 
Wave number cm'! 
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Appendix D.4 Data from FTIR studies of proteins adsorbed onto ET membranes 
D.4.1 Raw data for peak maxima determination of amide JlII absorbance bands 
BSA Casein Lysozyme Ovalbumin Pe)Jsin 
1651.4 1546.0 1649.5 1547.3 1652.6 1541.8 1648.9 1542.1 1647.9 
1651.9 1547.7 1649.4 1551.5 1653.8 1543.8 1649.0 1542.9 1648.3 
1644.3 1550.3 1650.0 1542.5 1646.4 1547.2 1648.5 1543.4 1643.3 
1649.6 1546.1 1656.2 1549.0 1650.7 1545.8 1645.8 1545.8 1644.5 
1652.7 1547.5 1549.7 1654.7 1546.0 1652.7 1541.6 1656.1 
1650.6 1544.8 1651.6 1551.3 1652.5 1546.9 1649.8 1545.5 1646.4 
1650.1 1547.1 1651.3 1548.6 1651.8 1545.3 1649.1 1543.6 1647.8 
3.03 1.91 2.86 3.35 2.96 2.07 2.22 1.74 4.52 
D.4.2 Deconvolution data for amide I bands of proteins adsorbed onto ET 
membranes 
BSA 
Area Centre Width Height 0/0 Area 
0.25516 1619.7 10.015 0.020328 5.237543 
0.69832 1634.7 12.393 0.044957 14.33407 
3.2295 1655.3 20.032 0.12863 66.29035 
0.34362 1673.3 10.536 0.026023 7.053318 
0.34515 1684.3 9.2442 0.02979 7.084723 
4.87175 100 
0.14 
0.12 
0.10 
" ~ 0.08 
-e 
0 0.06 ~ 
~ 
0.04 
0.02 
0.00 
1700 1680 1660 1640 1620 1600 
Wave number cm ·1 
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Casein 
Area Centre Width Height % Area 
0.041346 1615.5 4.9545 0.006659 0.705736 
0.26646 1621.6 8.415 0.025265 4.548212 
0.46812 1629.8 9.6872 0.038556 7.990351 
0.82191 1639 10.651 0.061573 14.0292 
1.161 1648.2 10.78 0.085933 19.81714 
1.0314 1656.5 10.037 0.081989 17.60499 
0.72794 1664.1 9.3845 0.061891 12.42522 
0.5839 1672.2 9.4271 0.04942 9.966603 
0.22082 1678.9 6.9949 0.025189 3.769182 . 
0.43364 1685.4 8.4122 0.04113 7.401811 
0.10203 1692.5 6.1285 0.013283 1.741552 
5.858566 100 
0.14 
0.12 
0.10 
" u 0.08 [;j 
-e 
0 0.06 
'" < 0.04 
0.02 
0.00 
1700 1680 1660 1640 1620 1600 
Wave number cm-l 
Lysozyme 
Area Centre Width Height % Area 
0.22521 1617 5.6547 0.031777 1.993561 
4.9758 1654.1 14.099 0.28159 44.04583 
2.4749 1670.1 13.348 0.14794 21.90784 
0.6649 1682.9 8.7712 0.060484 5.885701 
0.67948 1690.2 12.765 0.042471 6.014763 
0.83608 1626.4 12.405 0.053777 7.400988 
1.4405 1639.2 9.9543 0.11546 12.75132 
11.29687 100 
L. M. Ayre. Ph.D. Thesis 325 
Chapter 9. Appendices 
0.35 
0.30 
0.25 
" " 0.20 fa 
oB 0.15 0 
'" .to 
..: 0.10 
0.05 
0.00 
1700 1680 1660 1640 1620 1600 
Wave number cm-1 
Ovalbumin 
Area Centre Width Height % Area 
0.15924 1613.2 7.2744 0.017466 1.065981 
1.9753 1627.9 13.378 0.11781 13.22301 
0.80893 1637.5 12.332 0.052337 5.415123 
3.8275 1643 14.983 0.20382 25.62197 
4.3742 1658.1 13.674 0.25524 29.28168 
0.78125 1667.6 12.957 0.04811 5.229828 
2.3123 1678.4 14.773 0.12489 15.47895 
0.69963 1691 8.4493 0.066067 4.683449 
14.93835 100 
0.35 
0.30 
0.25 
" " 0.20 fa 
oB 
0 0.15 
'" .to 
..: 0.10 
0.05 
0.00 
1700 1680 1660 1640 1620 1600 
Wave number cm·1 
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Pepsin 
Area Centre Width Height % Area 
0.12173 1614.6 6.6443 0.014618 1.244566 
1.5553 1626 12.76 0.097251 15.90137 
2.5058 1641.1 13.996 0.14285 25.61927 
3.078 1656.8 15.724 0.15619 31.46943 
0.68573 1669.1 9.5669 0.05719 7.010895 
0.53584 1675 8.47 0.050476 5.478421 
0.65538 1681.5 9.3425 0.055972 6.700597 
0.64314 1689.7 10.338 0.04964 6.575455 
9.78092 100 
0.20 
0.18 
0.16 
0.14 
" 0.12 0 § 
0.10 .0 
.... 
0 0.08 
'" ~ 0.06 
0.04 
0.02 
0.00 
1700 1680 1660 1640 1620 1600 
Wave number cm·! 
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